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ABSTRACT 
SPATIAL MANAGEMENT OF GROUNDFISH RESOURCES 
IN THE GULF OF MAINE AND GEORGES BANK 
by 
Jamie Marie Cournane 
University of New Hampshire, May, 2010 
In the marine environment, studies suggest that overfishing suppresses 
sustainability and resilience in fish populations. In the 1990s, the National Marine 
Fisheries Service (NMFS) implemented five large year-round fishery closures in 
the Gulf of Maine and Georges Bank. These closures are partially protected 
marine protected areas (MPAs) restricting commercial fishing with bottom-
tending gears. To date, evaluation of their performance has focused on the 
productivity of individual species. 
This research aims to understand if fish biodiversity changed after 
implementation of the five large fisheries closures. Here, a variety of datasets 
and statistical approaches are used. 
Modern patterns constructed from NMFS bottom-trawl surveys (1971-
2005) demonstrated that fish species richness increased in some areas, as 
species evenness declined. Fish species composition changed from demersal 
species to more abundant pelagic species inside and outside of the fisheries 
xiii 
closures. Likely drivers of these changes included destruction of habitat by 
overfishing, and climate and fishery driven disturbance. 
After constructing a historical baseline for the Western Gulf of Maine and 
Georges Bank, total genera detected by historical Fishhawk research trawl 
surveys in the late 19th century were 2 times greater than the number appearing 
in NMFS bottom-trawl surveys (1963-2007); however, in contrast, NMFS bottom-
trawl surveys detected more fish genera. Guild composition was similar for both 
surveys with respect to demersal, but not pelagic species. These differences 
were explained by changes in survey sampling technology, fishing pressure, and 
ecosystem resilience. 
Recent seasonal patterns offish species richness from multiple fisheries-
independent and dependent datasets showed that inshore areas (such as 
Massachusetts and Ipswich Bays), the transition between the Gulf of Maine and 
Georges Bank, and eastern Georges Bank exhibited high fish species richness. 
When data was available from observed commercial otter-trawl tows adjacent to 
or within closures, high richness areas occurred, regardless of season. Likely 
processes influencing species richness over the region and near the fishery 
closures consisted of seasonal prey availability, oceanographic conditions, and 
fishing pressure. High effort around fishery closure boundaries had important 





Reducing the Impacts of Overfishing 
Overfishing and destructive fishing practices negatively impact marine fish 
diversity by reducing habitat complexity, altering community composition, 
simplifying the size composition of fish populations by removing older and larger 
individuals, and limiting the genetic diversity of stocks (Sobel and Dahlgren 
2004). Recently, studies have demonstrated that the majority of marine fish 
populations are in decline due to an increase in fishing pressure on existing 
commercial stocks and the introduction of new fisheries targeting previously 
unexploited populations (Fogarty et al. 2001, Fromentin 2001, Pauly et al. 2002, 
Pauly and Watson 2003, Rosenberg 2003, Safina et al. 2005). Absent fishing 
pressure, these same fish stocks have the intrinsic increase potential to rebuild to 
target levels within 10 years (Safina et al. 2005). 
To counteract fishing pressure, the National Research Council (1999) 
suggested more than a decade ago that 20% of the marine environment should 
be incorporated as marine protected areas (MPAs) by 2020. MPAs provide a 
spatial reduction in fishing pressure, and buffer against the negative effects of 
overfishing. They may simultaneously conserve marine biodiversity by 
stimulating biological productivity, protecting and improving species habitat, 
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particularly spawning grounds and juvenile habitat, and increasing habitat 
heterogeneity and complexity (Botsford et al. 2003 and Sobel and Dahlgren 
2004). 
Within the spatial boundary, MPAs offer protection for marine species but 
protection does not extend outside the reserve. Shipp (2003) challenged the 
effectiveness of MPAs, declaring that they are less effective than traditional 
management for the majority of marine species. He argued that traditional fishery 
management techniques (such as quotas) out-perform MPAs when migratory 
species are targeted (including a large number of commercially valuable 
species). Shipp (2003) also claimed that benefits from MPAs only affect a few 
sedentary species and take too long to materialize to be effective policy. 
Furthermore, Hilborn et al. (2004) maintained that the small size and number of 
MPAs (with goals of sustainability and conservation) could not compete with 
conventional fishing practices due to fish migration rates and fishing fleet 
behavior. 
However, protecting essential fish habitat, including spawning and nursery 
grounds, may be effective policy even for highly migratory species (Mangel 
2000). In a meta-analysis of 80 MPAs, Halpern and Warner (2002) demonstrated 
the benefits of MPAs, showing that the average values of density, biomass, 
organism size, and diversity inside reserves were all greater than outside of the 
MPAs. They concluded that these levels were reached within one to three years 
after the establishment of the MPAs (Halpern and Warner 2002). Babcock et al. 
(2010) found that direct benefits (increases in abundance, body size, and 
2 
biomass) from MPAs occurred within five years of establishment. 
Fisheries management of multiple species offers new alternatives to 
traditional single-species management. For example, ecosystem-based fishery 
management (EBFM) aims for healthy ecosystems and sustainable marine 
resources by managing people's actions that impact the ecosystem as a whole. 
EBFM integrates sustainable fisheries and marine biodiversity conservation (Link 
2002b, Fogarty 2006). The protection of biodiversity and sustainability of fisheries 
is critical to human well-being through benefits obtained from ecosystem services 
and functions (Costanza et al. 1997, NRC 2001, Palumbi et al. 2009). 
Specifically, MPAs are an important management tool for EBFM (Pikitch et al. 
2004). 
Sustainable Fisheries and Conservation of Biodiversity 
Establishing a MPA involves an important social and ecological tradeoff: 
the long-term loss of fishing grounds for the promise of biological conservation 
and healthy fish stocks in the future. Two objectives included in Article 1 of the 
Convention on Biological Diversity (CBD) (United Nations Environment 
Program/UNEP 1992) are "the conservation of biological diversity" and "the 
sustainable use of its components". Dayton et al. (2000) argued that fisheries 
management through MPAs often balances these two main objectives of the 
CBD. 
It is intuitively apparent that biodiversity conservation implies the 
protection of individual populations. The CBD states that: "Biological diversity 
means the variability among living organisms from all sources including, inter 
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alia, terrestrial, marine and other aquatic ecosystems and the ecological 
complexes of which they are part; this includes diversity within species, between 
species and of ecosystems" (UNEP 1992). 
An alternative definition of biodiversity is "the structural and functional 
variety of life forms at genetic, population, community, and ecosystem levels" 
(Sandlund, Hindar, and Brown 1992). Biodiversity is measured in a variety of 
ways such as species richness, evenness, and diversity (Magurran 1988, 
Magurran 2004). The protection of biodiversity maintains market values, 
ecosystem services, and esthetics as well as natural, cultural, and heritage 
values. Market values refer to the value of biological products such as food, 
pharmaceuticals, biomaterials, and biodegrading microbes (Costanza et al. 
1997). Ecosystem services include water purification, bioremediation, nutrient 
recycling, and carbon sequestration (Costanza et al. 1997). Esthetic values 
include recreational activities, tourism, and eco-tourism. Valuing nature, heritage, 
and culture is the desire to preserve the natural world for its intrinsic importance, 
and its role in shaping societies past and present, for the benefit of future 
generations. 
MPAs are equally appropriate for conserving biodiversity and fisheries 
management, and can simultaneously satisfy both of these goals (Halpern and 
Warner 2003). Halpern and Warner (2003) demonstrated that carefully selected 
MPAs maintain biodiversity inside and outside their boundaries (due to the high 
rate of fecundity of marine species and the limited distance for larval dispersal 
into nursery areas) and increase fisheries production (by spillover of adults, 
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juveniles, and larvae into adjacent areas). Halpern and Warner (2003) modeled a 
sedentary species, its fishery, and management using MPAs. They depicted the 
tradeoffs between different stakeholder groups (conservation, small fishery, and 
commercial fishery) by using biological variables (dispersal patterns) and MPA 
design characteristics (size, edge effects, and export to the fishery/spillover) 
(Halpern and Warner 2003). They balanced these tradeoffs and advocated for a 
network of reserves of moderate size and variable spacing to meet the needs of 
nearly all stakeholders (Halpern and Warner 2003). Furthermore, they identified 
that 20-50% of the total area managed should be placed into reserves to 
simultaneously maximize ecological and economic benefits (Halpern and Warner 
2003). 
Reserve Effects 
Reserve effects include increases in biomass, density, and spillover 
within the MPA and adjacent areas. Carefully chosen protected areas may 
provide a place for bigger fish and increase potential larval export. After reserve 
implementation in St. Lucia, six out of seven Caribbean parrotfish, Scaridae, 
studied increased in biomass (Hawkins and Roberts 2003). Furthermore within 
six years, the combined biomass of all seven parrotfishes was nearly four times 
higher in the reserves and almost twice as high in the adjacent fishing areas 
(Hawkins and Roberts 2003). In a study at Apo Island, the Philippines, of an 
exploited surgeonfish, Naso vlamingii, Russ et al. (2003) found that between 
1983 and 2001 the biomass inside the reserve tripled. Outside the reserve, 
biomass increased 40 times within 200-250 m of the reserve's boundaries, a strip 
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constituting only 11% of the reef fishing area (Russ et al. 2003). In addition, catch 
per unit effort (CPUE) for surgeonfish was 45 times higher within 200 m of the 
reserve boundary than on all other fishing grounds combined, and 62.5% of the 
record catches were caught within the 200 m limit (Russ et al. 2003). 
Spillover is described a process in which the abundance of individual 
adults and juveniles may increase inside the MPA to a point in which they will 
"spillover" into adjacent areas. Mechanisms for spillover include density 
dependence, species migration patterns, and larval dispersal (Murawski et al 
2004). Spillover allows for the export of fish to areas where fishing is permitted. 
One indication of spillover is the presence of a density gradient of individuals 
highest in the MPA center and decreasing into adjacent fishing areas (Murawski 
et al 2004, Murawski et al. 2005). Using effort data from otter trawls inside and 
outside temperate MPAs in the Gulf of Maine, Murawski et al. (2005) concluded 
that density gradients were apparent for some species including haddock 
(Melanogrammus aeglefinus), yellowtail flounder (Limanda ferruginea), and 
winter flounder (Pseudopleuronectes americanus). Similar findings were reported 
from research trawl surveys (Murawski et al. 2004). They noted that these 
patterns could also be best explained as spillover effects or by the seasonal 
migrations of these three fish species (Murawski et al. 2005). 
Case Study of the Gulf of Maine and Georges Bank 
In the 1990s, the National Marine Fisheries Service (NMFS) implemented 
five large fishery closures in the Gulf of Maine and Georges Bank including 
Closed Area 1, Closed Area 2, Nantucket Lightship Closed Area, Cashes Ledge 
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Closure, and Western Gulf of Maine Closure (Fig. 1.1). These five large fishery 
closures are partially protected MPAs that restrict commercial fishing with 
bottom-tending gears. Evaluation of fisheries closure performance has focused 
on the productivity of individual species (Murawski et al. 2000, Murawski et al. 
2004, Murawski et al. 2004). In the marine environment, studies suggest that 
overfishing suppresses sustainability and resilience in fish populations. What is 
less clear is the impact of fishing on the biodiversity of marine species. 
This research aims to understand changes in biodiversity before and after 
implementation of the five large fisheries closures using a variety of datasets with 
different spatial and temporal coverage. Here, the approach is to understand 
modern patterns offish diversity and compare this modern pattern to historical 
and recent patterns offish diversity (Fig 1.1). Three main questions emerge from 
this process: 
1) What are the modern patterns offish community diversity? 
2) What are the historical patterns of marine biodiversity? 
3) What are the recent seasonal patterns of fish species richness? 
Overview of Chapters 
Chapter 1 
Chapter 1 constructs "modern patterns offish community diversity in the 
large fishery closures of the Gulf of Maine and Georges Bank". The purpose of 
this study is to determine spatial and temporal patterns of fish community 
diversity in the Gulf of Maine and to evaluate the effect of marine spatial 
management in the region on biodiversity. A concurrent objective is to determine 
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if there are differences in community diversity patterns across sub-regions, 
particularly fisheries closures in the Gulf of Maine, over time. Using NMFS 
bottom-trawl surveys from 1971-2005, biodiversity is quantified using rarefaction 
methods, multiple community metrics, and ranking methods in a spatial and 
temporal analysis. 
In general, diversity decreased regionally. As species richness increased 
in some areas, species evenness declined. Locally, fish species composition 
changed from demersal species to more abundant pelagic species inside and 
outside of the fisheries closures. Evidence for the recovery of some fish species 
varied by fishery closure. Likely drivers of these changes included destruction of 
habitat by overfishing, and climate and fishery driven disturbance. Future 
management aimed at the recovery of groundfish species should consider 
ending overfishing and the likely impact of climate on the sustainability of the 
fishery. 
Chapter 2 
In Chapter 2, the "historical and modern patterns of marine biodiversity in 
the Western Gulf of Maine and Georges Bank" unfolds. Developing historical 
baselines for marine biodiversity conservation is problematic due to the difficulty 
in linking past with more modern patterns and trends. Currently, biodiversity 
assessments in the Gulf of Maine and Georges Bank rely heavily on NMFS 
bottom-trawl surveys that monitor commercially valuable groundfish. However, 
ecological community metrics provide tools for comparative study to link historical 
patterns of marine communities with more recent ones. Using these tools, NMFS 
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bottom-trawl surveys (1963-2007) are compared to observations from 19th-
century, fisheries-independent surveys by the U.S. Commission of Fish and 
Fisheries vessel, Fishhawk (1880-1899). The study area includes the western 
portion of the Gulf of Maine and Georges Bank, and the northern section of the 
Mid-Atlantic Bight. Genera, fish genera, fish species richness, and fish feeding 
guild composition are compared across these areas over time. 
Total genera detected by Fishhawk trawl surveys in the late 19th century 
are 2 times greater than the number appearing in NMFS bottom-trawl surveys; 
however, in contrast, NMFS bottom-trawl surveys detect more fish genera. Guild 
composition was similar for both surveys with respect to demersal, but not 
pelagic species. These differences were explained by changes in survey 
sampling technology, fishing pressure, and ecosystem resilience. 
Chapter 3 
Chapter 3 explores "recent seasonal patterns of fish species richness from 
multiple fisheries datasets". Identifying biodiversity hotspots is a valuable 
management and conservation tool. Spatial aggregation and interpolation of 
NMFS and Massachusetts (MA) bottom-trawl surveys and Northeast Fishery 
Observer Program (NEFOP) otter trawl data from 2003-2006 are used to detect 
"hotspots" of biodiversity (areas of high species richness). The main objective of 
this study is to use multiple fisheries datasets in spatial models in order to detect 
spatial and temporal patterns of marine biodiversity. A concurrent objective is to 
determine where hotspots of fish species richness occur with respect to the five 
large fishery closures. 
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In general, fish species richness followed depth gradients, especially in 
the fall along the 100 m contour. Inshore areas (such as MA and Ipswich Bays), 
the transition between the Gulf of Maine and Georges Bank, and eastern 
Georges Bank exhibited high fish species richness. For the fisheries closures, 
boundaries closer to the shore or to the edge of Georges Bank showed the 
greatest fish species richness. When data was available from commercial otter 
trawl tows adjacent to or within closures, high richness areas occurred, 
regardless of season. Processes influencing species richness over the region 
and near the fishery closures consisted of seasonal prey availability, 
oceanographic conditions, and fishing pressure. High effort around fishery 
closure boundaries had important implications for the effective design of MPAs 
and future management of groundfish. 
Figure 
Figure 1.1: Timeline for the three fish diversity studies identified as modern (Chapter 1), 
historical (Chapter 2), and recent (Chapter 3). Data sources are indicated for each study. 
Photos from NOAA Photo Library and courtesy of Pingguo He. 
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CHAPTER I 
MODERN PATTERNS OF FISH COMMUNITY DIVERSITY IN THE LARGE 
FISHERY CLOSURES OF THE GULF OF MAINE AND GEORGES BANK 
Introduction 
Background 
Gulf of Maine and Georges Bank Groundfisheries and Management. 
Fishing tradition in New England for groundfish, including gadids, flatfishes, and 
hakes, spans well over 400 years (Murawski et al. 1998). This history includes 
fisheries expansion and collapse, and a series of corrective management 
regulations. The rise of the mechanized trawl fishery from 1920-1960 included 
the expansion of target fisheries from haddock and cod to other stocks (Murawski 
et al. 1998). However, otter trawls were considered a problem since their 
introduction in 1902, due to the damage they caused to benthic animals and 
plants and economic impact to other competing fisheries (Murawski et al. 1998). 
From 1919-1935, the catch per trawl for vessels and boats in the otter 
trawl fishery in Massachusetts rapidly rose from approximately 10 mt per trawl to 
514 mt per trawl (W. Leavenworth, personal communication, March 24, 2010, 
data compiled from US Fish Commission Reports, Reports of the Commissioner 
of Fisheries, and Fishery Statistics of the US). This correlated with increased use 
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of the otter trawl over the same period. During this time, improvements in vessel 
and gear technology allowed expansion of the otter trawl fishery offshore, 
enabling trawls to catch more fish and invertebrate species, and increasing the 
species caught from 19 to 37 (W. Leavenworth, pers. comm.). This stabilized 
from 1936-1960 to an average of 450 mt per trawl, and an average of 35 species 
per trawl (W. Leavenworth, pers. comm.). Technology spread later to fisheries in 
Maine (W. Leavenworth, pers. comm.). From 1930-1938, the catch per trawl for 
vessels and boats in the otter trawl fishery in Maine remained relatively low and 
stable at approximately 42 mt per trawl (W. Leavenworth, pers. comm.). After 
1938, Maine's otter trawl fishery expanded more quickly offshore, landing more 
fish and invertebrate species (from 12 species to 18) (W. Leavenworth, pers. 
comm.). Maine's otter trawl catch peaked at 459 mt per trawl in 1950, following a 
period of rapid increase (W. Leavenworth, pers. comm.). This stabilized from 
1951-1960 to a reduced average of 333 mt per trawl (W. Leavenworth, pers. 
comm.). 
Foreign distant water fleets fishing in U.S. waters dramatically reduced 
fisheries resources from 1960-1976 through pulse fishing on multiple species, but 
after the establishment of the Magnuson-Stevens Fishery Conservation and 
Management Act (MSA), domestic fleets effectively took over the fisheries 
(Murawski et al. 1998). Some stocks rebounded, after the foreign fleets were 
removed. However, domestic fleet effort doubled, depleting many fish stocks 
including Atlantic cod (Gadus morhua), haddock (Melanogrammus aeglefinus), 
and yellowtail flounder (Limanda ferruginea) to the extent that effort shifted to 
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other stocks such as goosefish (Lophius americanus), and squids (Loligo spp.) 
(Murawski et al. 1998). In the mid 1980s, the collapse of the groundfish fishery 
prompted further regulation as well as movement from traditional single-species 
management towards multi-species management. 
Fisheries management of multiple species includes new alternatives to 
traditional single-species management. EBFM aims for healthy ecosystems and 
sustainable marine resources by managing people's actions that affect the whole 
ecosystem. MPAs are one management tool for EBFM (Pikitch et al. 2004). 
MPAs are equally appropriate for sustainable fisheries and conserving 
biodiversity, and can potentially satisfy both of these management goals (Halpern 
and Warner 2003). 
With the establishment of the Sustainable Fisheries Act (SFA) of 1996, 
over 5,000 square nautical miles of prime fishing grounds were closed to bottom-
trawl fishing and scallop dredging in an attempt to restore depleted fisheries 
resources (Murawski et al. 1998). In the 1990s, NMFS implemented five large 
fishery closures in the Gulf of Maine and Georges Bank including Closed Area 1, 
Closed Area 2, Nantucket Lightship Closed Area, Cashes Ledge Closure, and 
Western Gulf of Maine Closure (Fig. 1.1). These five large fishery closures are 
partially protected MPAs, restricting commercial fishing with bottom-tending 
gears. Generally within the fisheries closures, fishing in the pelagic zone is 
permitted such as purse seining and mid-water trawling for Atlantic herring 
(Clupea harengus), Atlantic mackerel (Scomber scombrus), and shrimp 
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(Pandalus spp.), with some commercial fishing restrictions to reduce bycatch. All 
types of recreational fishing are allowed. 
Recent rebuilding of Georges Bank haddock, Atlantic scallops, and 
yellowtail flounder stocks (Murawski et al. 2000, Murawski et al. 2004, Stone et 
al. 2004, Brodziak et al. 2008), following the implementation of the fisheries 
closures, suggests that MPAs are effective for both mobile and sedentary 
species. Brodziak et al. (2008) documented the rebound of Georges Bank 
haddock stocks. Upon implementation of the fisheries closures, stock size 
increased ten-fold from 1995 to 2005 partly due to a very strong year-class in 
2003 (Brodziak et al. 2008). Friedland et al. (2008) related this strong year-class 
to bottom-up control through increased primary productivity. However, 
overfishing has reduced mean weights and sizes at age of adult haddock in 
recent years (Brodziak et al. 2008). From the 1970s to the mid-1990s, the 
yellowtail flounder fishery was depleted because of overfishing (Stone et al. 
2004). Since establishment of the fisheries closures, the yellowtail flounder 
population has been recovering and biomass appears to be rebuilding to levels 
not seen since the late 1960s (Stone et al. 2004). In addition to estimating 
changes in fish stock populations, monitoring biodiversity patterns prior to and 
since the inception of the MPAs can provide information about interactions 
among species that can benefit management, and generate a synergistic view of 
the fish community. 
Previous Diversity Indicators for Gulf of Maine Groundfish. Understanding 
human impacts on biodiversity over multiple scales can provide baselines for 
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ecosystem-based management (EBM) (Halpern et al. 2008). Essential 
components of an EBM strategy include geographical considerations, which can 
be defined by identifying spatial patterns and processes for different elements of 
the ecosystem, such as fish communities (Fogarty 2006). EBM relies on 
indicators for monitoring and assessing the state of the ecosystem across 
multiple scales. Biodiversity indicators include community metrics that measure 
diversity and diversity's subcomponents: species richness and evenness 
(Magurran 1998, Magurran 2004). These community metrics are "examples of 
ecosystem emergent properties that can be measured and perhaps serve as 
proxies for decision criteria in fisheries management" (Link 2002b). 
Recent studies of Gulf of Maine groundfish compared local versus 
regional patterns of biodiversity using community metrics. Auster et al. (2001) 
conducted an integrated study with multibeam sonar, trawling, and acoustics in 
the Stellwagen Bank National Marine Sanctuary (SBNMS) to determine the 
distribution of seafloor habitats. The SBNMS is a smaller management area 
found within the Gulf of Maine, designated to protect whale habitat. Seafloor 
habitat distribution informs managers about possible areas for whale protection, 
Essential Fish Habitat (EFH), and fishing gear restrictions (Auster et al. 2001). 
For the Gulf of Maine region, species diversity (Shannon and Simpson Indices) 
remained relatively stable over time, but for the SBNMS species diversity 
declined steeply (Auster 2002). This study demonstrated that patterns of diversity 
may vary differently at local (SBNMS) and regional (Gulf of Maine) scales. 
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Link et al. (2002) evaluated the ecosystem status of the northeast U.S. 
continental shelf ecosystem using more than 30 metrics. These included abiotic, 
biotic, and human metrics over three decades (Link et al. 2002). Link et al. (2002) 
conducted a principle component analysis and canonical component analysis to 
understand the relationships among these metrics and to identify reference 
points or a combination of reference points for EBFM. In particular, species 
richness (the stratified mean number per tow in NMFS bottom-trawl surveys) 
fluctuated roughly between 9 and 16 species at different geographic locations 
(Gulf of Maine, Georges Bank, and Mid-Atlantic Bight) from year to year (Link et 
al. 2002). From 1986 to 2000, the highest to lowest mean species richness by 
region was always ranked: Gulf of Maine, Georges Bank, and Mid-Atlantic Bight. 
Prior to 1986, species richness did not follow this pattern. In addition, mean 
species per tow increased steadily in the Gulf of Maine from 1992 to 2000. 
Fogarty (2006) described patterns in the spatial and temporal distribution 
offish communities of the Northeast Continental Shelf large marine ecosystem 
over the past fifty years. Distinguishable fish communities occurred in well-
defined regions including the Gulf of Maine, Scotian Shelf, Georges Bank, the 
Mid-Atlantic Bight, on the edge of the Continental Shelf, and in the transition 
zone between the Gulf of Maine and Georges Bank, based on biological and 
physical monitoring and mapping programs in federally managed waters (Fogarty 
2006). From 1963 to 2003, the average number of species for the entire region, 
from NMFS bottom-trawl surveys, remained relatively stable (Fogarty 2006). 
However when separated into geographic areas over the past decade, average 
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species richness had been increasing for Georges Bank and included some 
traditionally more southerly species (Fogarty 2006). 
Species groups have also changed, since the 1960s (Murawski et al. 
1998, Fogarty 2006). In the 1960s, the pelagic species, especially Atlantic 
herring and mackerel, declined due to intense fishing by distant water fleets 
(Fogarty 2006). Beginning in 1994, groundfish declines due to overexploitation 
eventually led to management decisions that imposed large closed areas and 
restricted nets to larger mesh sizes (Fogarty 2006). Furthermore, declines in 
groundfish corresponded to large increases in the abundance of certain 
elasmobranches such as dogfish and some skates (Fogarty 2006). Possible 
explanations for shifts include release from competition for resources such as 
food and space (Fogarty 2006). In 1980, elasmobranch populations began to 
decline as fishing pressure increased for these types offish (Fogarty 2006). 
In the Gulf of Maine and Georges Bank, species richness appeared to be 
associated with depth gradients and physical features (Fogarty 2006). By 
spatially and temporally aggregating NMFS bottom-trawl surveys (1994-2005), 
mean species richness per tow per 10 minute square revealed that the greatest 
mean species richness occurred in coastal areas, with mid-level species richness 
associated with Georges Bank (Fogarty 2006). However by focusing only on the 
mean, the analysis did not address two important issues: sample size effect and 
identification of unique species. This research addresses both of these issues 
using a variety of analytical approaches. 
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Species Richness and Rarefaction. Species richness is a direct count of 
the number of species, and is the simplest species diversity index (Magurran 
1998, Gotelli and Graves 1996). It follows three major assumptions common to 
all diversity indices. First, each individual examined and assigned to a specific 
species is considered equal (Gotelli and Graves 1996). Secondly, all species are 
equally different (Gotelli and Graves 1996). Lastly, community structure is 
measured in the appropriate unit (Gotelli and Graves 1996). Many problems exist 
with diversity indices. They are often highly correlated with each other, lack 
meaningful biological interpretation, lack probabilistic basis, and do not remove 
sampling bias (Gotelli and Graves 1996). Gotelli and Graves (1996) suggest 
analyzing species richness by using explicit null models in an effort to estimate 
the non-biological effects of sample size. Three key confounding factors occur 
when measuring species richness, including the species richness of the 
surrounding community, the number of individuals counted, and the amount of 
area sampled (Gotelli and Graves 1996). Similarly, sampling bias occurs since, 
the more individuals and more area are sampled, the more species will be 
identified- the sample size effect. 
An alternative to using raw species richness or average species richness 
is to rarefy the samples. Developed by Saunders (1968) and later refined 
(Hurlburt 1971), the rarefaction model allows for the comparison of species 
richness and the removal of sampling bias (Gotelli and Graves 1996). The model 
is based on the hypergeometric distribution and sampling occurs without 
replacement from a parent distribution (the observed collection) (Gotelli and 
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Graves 1996). Rarefaction methods are a means to standardize species 
richness, especially for unequal sample sizes (Gotelli and Colwell 2001). 
Rarefaction is primarily used with subsets of a dataset over different 
regions, environmental characteristics, and gradients. Kindt et al. (2006) explored 
the relationship between scale and species richness for tree species on farms in 
western Kenya in planning for agroecosytem diversification (Kindt et al. 2006). 
Kindt et al. (2006) censed tree species on the farms and assigned each tree to 
twelve use-groups (firewood, shade, medicine, ornamental, timber, boundary 
demarcation, charcoal, soil fertility enhancement, fruit, construction wood, fodder, 
or beverage). In order to compare species richness by use-group, Kindt et al. 
(2006) pooled the farms and produced a series of species-accumulation curves 
based on the number of sites sampled and the number of individuals sampled. 
Kindt et al. (2006) determined that four use-groups (beverage, fodder, charcoal, 
and soil fertility enhancement) had the lowest average species richness at all 
scales. 
Diversity Measures. Species diversity is a heterogeneity measure 
combining species richness and species evenness. Evenness compares the 
relative abundance of species. Examples of species diversity indices include the 
Simpson index and the Shannon index (H') or a transformation (for example of 
the Shannon index: eH'). These indices quantify the uncertainty concerning the 
identity of an individual drawn at random from a community (Magurran 1988, 
Magurran 2004). 
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Some problems with the use of diversity indices include choosing the 
appropriate measure and correct interpretation, assigning equal value to species, 
and producing conflicting values with different diversity measurements (Magurran 
1988, Magurran 2004). Rice (2000) identified four essential ingredients in the 
selection of the community metrics for fisheries research. 
Metrics should be: 
1) sensitive to detecting ecosystem properties, 
2) relevant for ecosystem properties, 
3) able to be compared in a meaningful way, and 
4) determine causality from fishing effects, other factors, and ecosystem 
variability (Rice 2000). 
To assist in the interpretation of diversity indices, species ranking methods, such 
as Renyi diversity profiles, provide information on richness and evenness while 
taking into consideration rank and abundance of species (Kindt and Coe 2005). 
This research combines the use of rarefaction, diversity indices, and species 
ranking methods to understand spatial and temporal patterns in the fish 
community of the Gulf of Maine and Georges Bank with application to the 
fisheries closures. 
Objectives 
The purpose of this study is to determine spatial and temporal patterns of 
fish community diversity in the Gulf of Maine and Georges Bank and to evaluate 
the effect of marine spatial management in the region on biodiversity. A 
concurrent objective is to determine if there are differences in fish community 
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diversity patterns across sub-regions, particularly within fisheries closures in the 
Gulf of Maine and Georges Bank over time. Biodiversity is "the structural and 
functional variety of life forms at genetic, population, community, and ecosystem 
levels" (Sandlund, Hindar, and Brown 1992). Here, community (alpha) diversity is 
measured using several species richness, evenness, and diversity indicators. 
Study Area 
Within the large marine ecosystem of the Northwest Atlantic, this study 
focuses on the Gulf of Maine and Georges Bank (Fig. 1.1). The Gulf of Maine is a 
dynamic environment characterized by a general counter-clockwise surface 
circulation, with clockwise circulation found on Georges Bank (Beardsley et. al. 
1997, Lynch et al. 1997, Townsend et al. 2006). River discharge, Scotian shelf 
surface water into the Gulf of Maine and Georges Bank, and Slope Water 
through the Northeast Channel regulate salinity through the influx of fresh and 
low salinity waters into the region (Smith et al. 2001, Ji et al. 2006). More detailed 
oceanography of the Gulf and Georges Bank can be found in the extensive 
studies of the region (Beardsley et al. 1997, Lynch et al. 1997, Ji et al. 2006, 
Townsend et al. 2006, Mountain and Kane 2010). 
Highly productive, this semi-enclosed sea encapsulates many shallow 
ledges and banks (Townsend et al. 2006). Habitat types are also extremely 
variable including rocky outcrops, boulder formations, and sandy bottom, depth 
changes rapidly moving off ledges and banks (Townsend et al. 2006). Some 
unique features such as seamounts, islands, and trenches are also scattered 
throughout the study area. The spring and fall phytoplankton blooms support high 
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productivity (Thomas et al. 2003) based on the input of key nutrients via the 
Northeast Channel (Townsend et al. 2006). Subject to diurnal tides, a wide 
variety of flora, fauna, and landscapes are present. Fauna include whales, 
sharks, pelagic fish, macro-invertebrates, and benthic infauna in addition to many 
commercially valuable species, for instance lobster (Homarus americanus), 
Atlantic cod, haddock, and yellowtail flounder (Murawski et al. 1998). 
Many anthropogenic disturbances that may affect marine species persist 
in the study area. These include point and non-point source pollution, marine 
cabling, pelagic and demersal commercial and recreational fishing with mobile 
and fixed fishing gear, major shipping lanes such as those approaching Boston 
Harbor, the Cape Cod Canal, and recreational boating. 
Methods 
Data Source 
The dataset consists of NMFS bottom-trawl surveys. Commencing in 
1963, NMFS began this annual and seasonal monitoring program of groundfish 
independent of the fisheries. The sampling design is stratified random sampling, 
primarily collecting biological and environmental data (Stauffer 2004). Sampling 
design and methodology have remained relatively the same, with some gear and 
vessel changes. NMFS research vessels tow a Yankee 36 otter trawl at 3.8 knots 
for 30 minutes at each sampling location (Stauffer 2004). 
Data Attributes and Selection 
Attributes from NMFS surveys consist of survey station characteristics 
(record identification number, year, season, starting latitude, and starting 
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longitude) and biological sampling data (species code, scientific name, common 
name, species count, and numbers of individuals by species). Only tows with fish 
species collections are included; possible fish species are listed in Table A.2 in 
Appendix A. Each survey location is assigned to a sub-region (Gulf of Maine, 
Georges Bank, and Mid-Atlantic Bight) and five year period (1971-1975, 1976-
1980, 1981-1985, 1986-1990, 1991-1995, 1996-2000, and 2001-2005) (Fig. 1.1 
and Fig. A.1 in App. A, Table 1.1). 
Data selection consists of 1971-2005, spring and fall surveys within the 
study area (A.1 in App. A), deploying standard otter trawls. This subset results in 
10,693 tows (Table 1.1). Standard NMFS species-based correction factors are 
applied to the numbers of individuals by species to calibrate between vessel and 
gear changes (Table A.2 in App. A). In addition, for the analysis of biodiversity 
with respect to the fisheries closures, tows "outside" are within a buffer of 0.12 
decimal degrees (DD) from the closure boundary (Fig. 1.2, Figs. A.2-A.3, Table 
1.2). "Inside" tows are on the boundary or within the fishery closure. For Closed 
Area 1 and Nantucket Lightship Closed Area, seven outside tows overlap in their 
buffers (Fig. A.2 in App. A). In addition, in some cases tows in the Western Gulf 
of Maine Closure and Cashes Ledge Closure are aggregated, due to limited 
sampling in Cashes Ledge Closure (Fig. 1.2). 
Procedures 
To address, the seven specific questions listed below, multiple 
approaches were used. 
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1. Is expected fish species richness the same for spatial and temporal 
subsets of the data over the region? 
2. Is expected fish species richness the same for temporal subsets of 
data within the fisheries closures? 
3. Is fish species diversity the same for spatial, temporal, and habitat 
characteristic subsets of the data over the region? 
4. Is mean fish species diversity the same inside and outside fisheries 
closures over time? 
5. Is fish species diversity the same for temporal and habitat 
characteristic subsets of the data within buffered fisheries closures? 
6. Is the rank abundance of fish species the same inside and outside of 
the fisheries closures over time? 
7. Is the Renyi diversity of fish species the same inside and outside of the 
fisheries closures over time? 
A variety of software programs are used for data management and 
analysis, as summarized in Table A.1 in App. A. 
1. Expected Fish Species Richness for the Region. Expected fish species 
richness is calculated using "exact" rarefaction methods. Kindt et al. (2006) 
developed this methodology to construct site-based species accumulation 
curves. Average species richness for sites is calculated using classical 
rarefaction methods (Colwell and Coddington 1994, Gotelli and Graves1996, 
Gotelli and Colwell 2001) adjusted for site-based measurements (Kindt et al. 
2006). The formula for the exact method is (after Kindt et al. 2006): 
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It calculates the exact average species richness (SN) following Nrandom 
additions, using the factorial formula. 5Windicates the total number of species 
from the entire survey. ./Vis the numbers of sites in which average species 
richness is calculated. V/is the total number of sites where species /occurs. Ftot\s 
the total number of sites. 
This method works with subsets of the dataset. Here, the exact method, 
site-based rarefaction, estimates expected fish species richness using NMFS 
bottom-trawl survey tows (sites). Subsets depend on spatial and temporal units 
and the combination of these units. Spatial units are the entire study area, Gulf of 
Maine, Georges Bank, and Northern Mid-Atlantic Bight. Temporal units are 
spring, fall, and five-year periods (1971-1975, 1976-1980, 1981-1985, 1986-
1990, 1991-1995, 1996-2000, and 2001-2005). To compare subsets, estimates 
of expected fish species richness and the standard deviation correspond to 10, 
50,100, 250, and 500 tows, as appropriate. 
2. Expected Fish Species Richness for the Fisheries Closures. Site-based 
rarefaction estimates expected fish species richness using NMFS bottom-trawl 
survey tows. Subsets depend on fisheries closure and temporal units, and the 
combination of these units. Fisheries closure units are Closed Area 1, Closed 
Area 2, Nantucket Lightship Closed Area, and the aggregation of the Western 
Gulf of Maine Closure and Cashes Ledge Closure. Temporal units remain the 
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same. To compare subsets, estimates of expected fish species richness and the 
standard deviation correspond to 10, 50,100, and 250 tows, as appropriate. 
To place fish species richness patterns in fisheries closures within a 
regional context, five-year period comparisons depend on expected species 
richness at 10 tows. Comparisons include the fishery closure(s), the region(s) of 
overlap (Gulf of Maine, Georges Bank, and northern Mid-Atlantic Bight), and the 
study area. Each value in the time series includes the standard error of the mean 
(standard deviation divided by the square root of the sample size). 
3. Fish Species Diversity Indices for the Region. Community diversity 
indices measure richness, evenness, and dominance. Here, five biodiversity 
indices (species richness, abundance, Shannon index, Simpson index, and 
Berger-Parker index) are used to analyze patterns of community diversity in the 
Gulf of Maine, Georges Bank, and Northern Mid-Atlantic Bight. Here, richness is 
the number of unique species in a tow. Evenness compares the relative 
abundance of species within a tow. Dominance depends on the relative 
abundance of the most frequent species in a tow. The Shannon Index and 
Simpson Index are compound diversity indices that contain dominance and 
evenness measurements. Nine specific indices (based on these five) consist of 
species richness, abundance, log abundance, Shannon diversity index, Pielou's 
evenness index, SHE analysis, Simpson concentration index, reciprocal of 
Simpson diversity index, reciprocal of the Berger-Parker index (with their 
properties summarized in Table 1.3). For consistency, increases in each index 
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correspond to increases in species richness, evenness, and dominance, as 
appropriate (Table 1.3). 
These indices are calculated for subsets of the data over the region. 
Subsets depend on spatial, temporal, and habitat characteristic units, and the 
combination of these units. Spatial units are the Gulf of Maine, Georges Bank, 
and Mid-Atlantic Bight. Temporal units are seasons and five-year periods. Habitat 
characteristic units are latitude (40, 41, 42, 43, and 44° North), bathymetry 
(shallow > 100 m; 100 m < middle > 516.5 m), and temperature (-1 < coldest > 
5 < colder > 10< cold > 15< less cold> 22° C). Smoothing splines (non-linear 
methods) estimate diversity per tow for five-year periods, stratified by season and 
sub-areas. 
4. Mean Fish Species Diversity Indices to Detect Spillover from Fisheries 
Closures. Reserve effects include increases in biomass and density within the 
reserve and spillover of that production into adjacent areas. Mechanisms for 
spillover include density dependence, species migration patterns, and larval 
dispersal. One indication of spillover is the presence of a density gradient of 
individuals highest in the MPA center and decreasing into adjacent fishing areas. 
Murawski et al. (2005) found evidence of spillover from fisheries closures on 
Georges Bank into adjacent areas for haddock, yellowtail flounder, and winter 
flounder (Pseudopleuronectes americanus). They constructed density gradients 
for individual species along the distances from the boundaries of the fisheries 
closures (Murawski et al. 2005). 
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Here, mean diversity indices for each five-year period are calculated to 
compare tows inside and outside fisheries closures. For each mean, the standard 
error is calculated as the standard deviation divided by the square root of the 
sample size. 
5. Fish Species Diversity Indices for Buffered Fisheries Closures. The nine 
diversity indices are calculated for the five fishery closures inclusive of the 0.12 
DD buffer. Subsets depend on temporal, habitat characteristic units, and the 
combination of these units. Temporal units are seasons and five-year periods. 
Habitat characteristic units are latitude (40, 41, 42, 43, and 44° North), 
bathymetry (shallow > 100 m; 100 m < middle > 516.5 m), and temperature (-1 
< coldest > 5 < colder > 10< cold > 15< less cold> 22° C). Smoothing splines 
(non-linear methods) estimate diversity per tow for five-year periods, stratified by 
season and sub-areas. 
6. Rank Abundance of Fish Species Inside and Outside of Fisheries 
Closures. To construct patterns of species composition over time, rank 
abundance by species inside and outside fisheries is compared. The top ten fish 
species by five-year period are recorded. Fish species rankings are highlighted 
for several commercial demersal species: Atlantic cod, haddock, yellowtail 
flounder, and spiny dogfish (Squalus acanthias). Pelagic species are also 
highlighted. 
7. Renyi Diversity of Fish Species Inside and Outside of Fisheries 
Closures. Renyi diversity profiles provide information on richness and evenness 
taking into consideration rank and abundance of species by resampling (Kindt 
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and Coe 2005). Profiles are constructed for each five-year period of the 
separately for fisheries closures. Western Gulf of Maine and Cashes Ledge 
Closures tows are combined. These profiles are ordered from lowest to highest 
diversity (bottom to top) after 100 randomizations. If the profile is horizontal, all 
species have the same evenness; if the profile is less horizontal, this implies that 
the subset is less even. In addition, overall accumulation patterns for the average 
Renyi diversity profiles for fisheries closures are constructed for inside and 
outside tows from 1971-2005. The average Renyi diversity profiles are based on 
1000 randomizations with a sample size of 75. 
Results 
Fish species diversity patterns from NMFS bottom-trawl surveys were 
identified using indicator values on rarefaction plots and by visually inspecting 
statistical output from the various methods previously described. 
Expected Fish Species Richness for the Region 
Site-based rarefaction reveals differences in fish species richness for each 
region. For 1971-2005 after 500 tows, the expected fish species richness was 
100 for the entire study area, 109 for the Mid-Atlantic Bight, 89 for Georges Bank, 
and 80 for the Gulf of Maine (Table 1.4 and Fig. 1.3). Expected fish species 
richness under the same conditions was greater in the fall than in spring, 103 
versus 84 for the entire study area, 92 versus 73 for Georges Bank, 81 versus 71 
for the Gulf of Maine, and 113 versus 83 for the Mid-Atlantic Bight (Tables 1.4-
1.7 and Fig. 1.4). 
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Expected fish species richness increased over time for the study area 
(Figs. A.4-A.6 in App. A). Expected fish species richness at 100 tows increased 
for the fall from 68 (1971-1975) to 77 (2001-2005) (Fig. A.6 in App. A). Under the 
same conditions, spring expected fish species richness increased from 61 (1976-
1980) to 65 (2001-2005), although the highest richness is 66 (1971-1975) (Fig. 
A.5 in App. A). This pattern of increasing expected fish species richness in the 
fall held for Georges Bank, the Gulf of Maine, and the Mid-Atlantic Bight, but for 
the spring it was only apparent for the Mid-Atlantic Bight with richness increasing 
from 52 (1976-1980) to 61 (2001-2005) (Tables 1.5-1.7 and Figs. A.7-A.15 in 
App. A). 
Expected Fish Species Richness for the Fisheries Closures 
In all of the fisheries closures from 1971-2005, fall expected fish species 
richness was greater than spring fish richness at 100 tows. This pattern was 
most pronounced for Nantucket Lightship Closed Area (Table 1.8 and Fig. 1.5). 
Over time, expected fish species richness increased within Closed Area 1 
and Western Gulf of Maine/Cashes Ledge Closure and decreased within 
Nantucket Lightship Closed Area and Closed Area 2 (Table 1.8, Figs. A.16-A.19 
in App. A). After establishment of the fishery closure, fish species richness 
increased in Closed Area 1 from 34 (1991-1995) to 36 (2001-2005) (Table 1.8, 
Fig. A. 16 in App. A). In Closed Area 2, fish species richness increased from 26 
(1991-1995) to 29 (1996-2000) then decreased back to 26 (2001-2005) (Table 
1.8, Fig. A.17 in App. A). Time series of expected fish richness for fisheries 
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closures followed trajectories similar to those of the regions they predominately 
overlap (Figs. 1.6-1.9). 
Fish Species Diversity Indices for the Region 
Table 1.9 summarizes regional patterns from indices offish species 
diversity over time (Figs. A.20-A.69 in App. A). In general, diversity (Shannon 
index) decreased over time for Georges Bank, the Gulf of Maine, and the Mid-
Atlantic Bight, regardless of season and latitude (Table 1.9, Figs. A.22, A.30, and 
A.38 in App. A), but decreases occurred for different reasons. In Georges Bank, 
diversity (Shannon and Simpson indices) decreased over time in shallow depths 
at 10-14.9°C (Figs. A.55, A.58, A.64, and A.67 in App. A), while richness and 
abundance increased overtime in waters at least 15°C (Figs. A.62-A.63 in App. 
A). Here, decreases in diversity related to decreases in the evenness 
(Jevenness) of the fish community (Figs. A.56 and A.65 in App. A). Under the 
same conditions in the Gulf of Maine, however, richness and abundance 
increased over time in the fall for nearly all locations that are 10-14.9°C, but did 
not change in other areas (Figs. A.36-A.37 and A.62-A.63 in App. A). For the 
Mid-Atlantic Bight, richness increased over time in shallow waters at least 15°C 
(Figs. A.53 and A.62 in App. A), becoming less even (Jevenness) as dominance 
increased (Berger) over time (Figs. A.56 and A.65 in App. A) 
Mean Fish Species Diversity Indices to Detect Spillover from Fisheries 
Closures 
Mean diversity indices revealed fluctuations in areas inside and outside 
the fishery closure follow similar trajectories (Figs. A.70-A.77 in App. A). After 
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establishment of the fishery closures, mean richness remained stable both inside 
and outside of the closures, except for Nantucket Lightship Closed Area in which 
mean richness decreased overtime (Fig. A.70 in App. A). Mean abundance 
increased both inside and outside following establishment of the fisheries 
closures, except for outside Nantucket Lightship Closed Area, in which mean 
abundance declined post closure (Fig. A.71 in App. A). In general, mean diversity 
decreased over time both inside and outside the fisheries closures (Fig. A.72 and 
Fig. A.75 in App. A). Evenness decreased over time (Fig. A.73 in App. A). 
Dominance remained high over time both inside and outside of the fisheries 
closures (Fig. A.77 in App.). 
Fish Species Diversity Indices for Buffered Fisheries Closures 
Tables 1.10 and 1.11 summarize patterns from indices offish species 
diversity over time for the fisheries closures surrounded by a 0.12 DD buffer 
(Figs. A.78-A.126 in App. A). In general, diversity (Shannon and Simpson) 
decreased over time as richness and abundance increased (Tables 1.10-1.11, 
Figs. A.78-A.80 and A.83 in App. A). One exception is Nantucket Lightship 
Closed Area in which diversity decreased over time as richness decreased. 
For Closed Area 1 at a latitude of 42°N, richness increased over time in 
the spring in waters at least 15 °C (Figs. A.78, A.86, and A. 103 in App. A), and 
abundance increased in the fall in waters 5-9.9°C at depths greater than 100 
meters outside the closure (Figs. A.79, A.95, and A. 104 in App. A). Abundance 
increased overtime outside the boundary (Fig. A.112 in App. A). Dominance 
(Berger) increased over time prior to establishment of the closure (Fig. A.126 in 
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App. A); richness and abundance increased over time post closure (Figs. A.119-
A.120inApp. A). 
For Closed Area 2, richness increased over time in waters at least 15 °C 
(Fig. A. 103 in App. A), and abundance increased over time in waters at 5-9.9°C 
(Fig. A. 104 in App. A). Dominance (Berger) increased over time before 
establishment of the closure (Fig. A.126 in App. A); richness and abundance 
increased over time post closure (Figs. A.119-A.120 in App. A). 
For Nantucket Lightship Closed Area, richness decreased over time at 
depths of 100 meters or less in waters colder than 15°C (Figs. A.94 and A. 103 in 
App. A). Dominance (Berger) increased overtime before establishment of the 
closure (Fig. A.126 in App. A). 
For the Western Gulf of Maine Closure, richness increased over time at a 
latitude of 42°N at depths of 100 meters or less in waters 5-9.9°C (Figs. A.86, 
A.94, and A.103 in App. A). Abundance increased over time at latitudes of 42°N 
and 43°N in waters colder than 15°C, regardless of depth (Figs. A.87, A.95, and 
A. 104 in App. A). Richness and abundance increased over time inside and 
outside the boundary (Figs. A.111-A.112 in App. A). Richness and abundance 
increased over time before, and decreased after establishment of the fishery 
closure (Figs. A.119-A.120 in App. A). 
For Cashes Ledge, richness increased over time in waters 5-9.9°C (Fig. 
A.103 in App. A). Abundance increased in the fall (Fig. A.79 in App. A). Richness 
and abundance increased over time before establishment of the closure (Figs. 
A.119-A.120 in App. A), and abundance decreased after establishment of the 
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fishery closure (Fig. A.120 in App. A). Richness increased over time inside and 
outside of the boundary (Fig. A.111 in App. A), while abundance increased over 
time inside the boundary (Fig. A.112 in App. A). Dominance (Berger) increased 
over time before and after establishment of the closure (Fig. A.126 in App. A). 
Rank Abundance of Fish Species Inside and Outside of Fisheries Closures 
Tracking the top ten fish species ranked by abundance suggested 
changed in fish communities over time. By tracking cod, haddock, yellowtail 
flounder, spiny dogfish, and pelagic species, changes in the fish community 
occurred both inside and out the closures (Table 1.12). 
Before establishment of Closed Area 1 over time, groundfish were 
replaced with pelagic species. From 1986-1995, haddock were not ranked in the 
top ten by abundance. Then, haddock returned to the top ten inside the fishery 
closure in 1996-2000, and inside and outside of the closure in 2001-2005. 
Yellowtail flounder were in the top ten in 1971-1975, but failed to make the top 
ten again until 1996-2000 inside the closure. From 2001-2005, yellowtail flounder 
were no longer in the top ten. Atlantic cod declined from the top ten and left the 
list from 1991-2005. Starting in 1976-1980, spiny dogfish were always in the top 
ten inside and outside of the closure, except inside the closure in 1996-2000. The 
complex of pelagic species in the top 10 increased over time from two or three 
pelagic species in the top ten 1971-1995 to four pelagic species in 1996-2005. 
After 1991, a pelagic species remained the top species. 
Like Closed Area 2, prior to establishment of Closed Area 1 over time, 
groundfish were replaced with pelagic species. However, haddock and yellowtail 
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flounder made a stronger recovery post closure, possibly related to fewer pelagic 
species dominating abundance in Closed Area 2 than Closed Area 1. In 2001-
2005, both species were in the top four both inside and outside. In 1986-2005, 
cod were absent from the top ten. Spiny dogfish were always in the top ten. 
Prior to establishment of the Nantucket Lightship Closed Area, yellowtail 
flounder declined in rank and did not return to the top ten in 1991-2005. Haddock 
and cod were not present in the top ten over time. Over time, spiny dogfish were 
always in the top ten by abundance, and often in the top three. Butterfish, 
Poronotus triacanthus, then Atlantic herring then Atlantic mackerel increasingly 
ranked in the top ten from 1976-2005. 
Prior to establishment of the Western Gulf of Maine and Cashes Ledge 
Closures, haddock and cod remained in the top ten, but steadily declined in rank. 
Haddock did not remain in the top ten from 1986-1995. After establishment of the 
closures, haddock ranked in the top ten both inside and outside the closures. 
Yellowtail flounder ranked in the top ten in 1971-1975 and 1991-2000, but not 
post closures. The rank of spiny dogfish by abundance steadily increased over 
time. Pelagic species (northern sand lance, Ammodytes dubius, and Atlantic 
herring) became more prevalent over time in abundance rankings. 
Renvi Diversity of Fish Species Inside and Outside of Fisheries Closures 
None of the Renyi Diversity profiles indicated high evenness within fish 
communities over time (Figs. A.127-A.130 in App. A). Average diversity profiles 
for 1971-2005 demonstrated that diversity inside Closed Area 1, Closed Area 2, 
and Nantucket Lightship Closed Area was greater than outside closures (Figs. 
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A.127-A.129 in App. A). For Western Gulf of Maine/Cashes Ledge, this pattern 
was reversed; diversity was greater outside (Fig. A.130 in App. A). Clear patterns 
ranking diversity by five-year periods chronologically were not evident (Figs. 
A.127-A.130 in App. A). Often the most recent five-year period (2001-2005) was 
ranked with the lowest diversity (outside Closed Area 1, inside and outside 
Closed Area 2 and Western Gulf of Maine/Cashes Ledge Closures) (Figs. A. 127, 
A.128, and A.130 in App. A). In addition, 1971-1975 and 1976-1980 were often 
ranked with the highest diversity, inside Closed Area 1 and Closed Area 2, and 
inside and outside Nantucket Lightship Closed Area and Western Gulf of Maine 
Closure/Cashes Ledge Closure (Figs. A.127-A.130 in App. A). 
Discussion 
Potential Sources of Error 
There are several important potential sources of error. First, summaries of 
fish diversity patterns were constructed by visual inspection of output plots. 
Therefore, formal statistical hypothesis testing was not conducted. Visual 
inspection has the potential to be subjective. However, care was taken to 
mindfully summarize major patterns. In addition for the rarefaction analysis, 
indicator values were selected to estimate expected fish species richness at a 
given number of tows (Table 1.4-1.7). This selection was made at increasing 
intervals, but somewhat arbitrarily. Therefore, different patterns may emerge 
upon selecting alternative indicator values. A sensitivity analysis, selecting many 
alternative indicator values and comparing the results, would be one solution to 
explore this potential problem. However, this is beyond the scope of this study. 
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Overview of Species Diversity Patterns 
Table 1.13 provides a summary offish diversity patterns. In general, 
diversity declined regionally (Table 1.9). Overall, fish species richness was 
greater in the fall than spring, regardless of regional or local scale (Tables 1.4-
1.8). As species richness increased regional, (Tables 1.4-1.7, and 1.9), local 
species evenness declined near fisheries closures (Tables 1.10-1.11). Fish 
species diversity changed inside and outside of the fisheries closures (Tables 
1.10-1.11), and fish species composition transitioned from demersal species to 
more abundant pelagic species (Table 1.12). Richness and abundance increased 
over time in fisheries closures, with the exception of Nantucket Lightship Closed 
Area in which species richness declined (Tables 1.8, 1.10-1.11). Evidence of 
some increased abundance of a few fish stocks (haddock and yellowtail flounder) 
varied by fishery closure (Table 1.12). 
Ecological Theories to Explain Species Diversity at Multiple Scales 
Overfishing is the dominating factor for ecological extinctions of species 
from coastal regions (Jackson et al. 2001), drastic reductions in population sizes 
(Rosenberg et al. 2005), and alterations in the structure of marine ecosystems 
(NRC 2006). Furthermore, climate forcing may affect local species richness by 
shifting species distributional ranges (Drinkwater 2002, Parmesan and Yohe 
2003, Perry et al. 2005). Here, ecological theories are used to explain patterns of 
regional (Gulf of Maine, Georges Bank, and Mid-Atlantic Bight) and local 
(fisheries closures) fish species diversity. Likely drivers of these patterns include 
fisheries and climate impacts. 
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Dynamic Equilibrium Model of Disturbance. High frequency and increasing 
severity of an ecological (environmental) disturbance creates a "species debt" 
and thus a decline in established species (Huston 1979, Huston 1994). In areas 
without disturbance, a small number of "supercompetitors" dominate, and over 
time, this limits diversity (Huston 1979, Huston 1994). Species diversity is lowest 
when species growth rates cannot compensate for high frequencies and 
intensities of disturbance (Huston 1994). Species diversity is greatest when 
neither of these two factors dominate (Huston 1994). 
Fishing as a Mechanism of Disturbance. Several studies found fishing as 
a mechanism of disturbance altering fish communities. Blanchard et al. (2004) 
tested Huston's dynamic equilibrium model to determine if fishing causes 
disturbance to marine communities in the Bay of Biscay coast of France (2004). 
They found differences in the community structure of areas with varying degrees 
of exploitation identified as strongly exploited or moderately exploited (Blanchard 
et al. 2004). In the regions of strong exploitation, they found dominant 
opportunistic carnivorous species (of little commercial interest), but in the 
strongest areas of exploitation dominant fish species were absent, as well as rare 
species (Blanchard et al. 2004). Two fish species dominated and six rare species 
were found in the areas of moderate exploitation (Blanchard et al. 2004). 
Fogarty and Murawski (1998) looked at changes on Georges Bank since 
the distant water fleets of the early 1960s. They indicated the first perturbation in 
the system occurred during the period of operation of the foreign distant water 
fleets (Fogarty and Murawski 1998). The estimated total fish biomass declined by 
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more than 50% (Fogarty and Murawski 1998). After the implementation of the 
200 mile legal limit in 1977 forcing out foreign fleets, the domestic fishing fleets 
modernized and increased capacity (Fogarty and Murawski 1998). A second 
perturbation to the system resulted in further declines in groundfish populations 
to historically low levels (Fogarty and Murawski 1998). The abundance of species 
of low commercial value (such as small elasmobranchs) increased and replaced 
species of high commercial value (such as gadid and flounder species) 
suggesting the switch in species dominance may have been linked to competitive 
release (Fogarty and Murawski 1998). 
Ranking of fish species abundances revealed differences in fish 
community composition over time consistent with Fogarty and Murawski's 
findings (1998). Before establishment of all the fisheries closures, top ranked 
demersal species by abundance were replaced with pelagic species over time 
(Table 1.12). However in Closed Area 2, haddock and yellowtail flounder ranked 
high post closure. This was possibly related to fewer pelagic species dominating 
abundance in Closed Area 2 than the other closures. After establishment of the 
Western Gulf of Maine Closure/Cashes Ledge Closure, top ranked haddock 
abundance returned inside and outside the closure. In addition, spiny dogfish's, 
(an elasmobranch) rank abundance steadily increased over time. 
Climate as a Mechanism of Disturbance. In a global meta-analysis of over 
1600 species of birds, butterflies, and alpine herbs, Parmesan and Yohe (2003) 
predicted that climate change drives species ranges to the poles. Consequently, 
one result is extinctions of species limited by dispersal and habitat availability 
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(Thomas et al. 2004). "For fishes, climate change may strongly influence 
distribution and abundance through changes in growth, reproduction, survival, 
recruitment, or responses to changes at other trophic levels" (Perry et al. 2005). 
Perry et al. (2005) demonstrated that from 1980-2005, roughly two-thirds of the 
North Sea demersal fish community (more than 90 species) shifted in mean 
latitude, depth or both. These species were both targeted (e.g. Atlantic cod and 
the common sole, Solea solea) and non-targeted (e.g. scaldfish, Arnoglossus 
laterna, and snakeblenny, Lumpenus lampretaeformis) by fisheries. 
In the southern North Sea, water temperatures were colder with increasing 
latitude and in the northern North Sea water temperatures became slightly 
warmer with increasing latitude due to the North Atlantic Current (Perry et al. 
2005). Species with shifting distributions had smaller body sizes, faster 
maturation, and smaller sizes at maturity than non-shifting species (Perry et al. 
2005). Rising temperatures confounded the effects of commercial fisheries on 
fish distribution, which continued to shift and thus altered species interactions 
(Perry et al. 2005). Perry et al. (2005) predicted that by 2050 and 2080 two 
commercial fish, blue whiting (Micromesistius poutassou) and redfishes 
(Sebastes spp.) might change their distribution and no longer exist in the North 
Sea, except in the northern most regions. 
As temperatures increased since the 1960s on the Northeast Continental 
Shelf, the spatial distribution of red hake, Urophycis chuss, (a cold-water 
species) has shifted to the north (Ecosystem Assessment Program 2009). Past 
concentrations of red hake abundance on Continental Shelf and Mid-Atlantic 
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Bight are now centered in the western Gulf of Maine (Ecosystem Assessment 
Program 2009). 
Prior to establishment of the fisheries closures and after 1991, red hake 
was not ranked in the top ten by abundance for Nantucket Lightship Closed Area 
(Table 1.12), the most southerly fishery closure (Fig. 1.1). All other fishing 
closures showed evidence of red hake in the top ten by rank abundance over 
time, inside and outside of the fisheries closures (Table 1.12). 
Synergistic Effects of Fishing and Climate. Fisheries research and 
management increasingly considers the interactions between fishing and climate 
(Perry et al. 2010, Planque et al. 2010). Since fishing impacts usually affect fish 
species in the short term relative to climate impacts, it is important to understand 
the likely contribution of both impacts over different time scales (Perry et al. 
2010). 
In a review on the decline of the Northern cod off the coast of Canada, 
Drinkwater (2002) provided evidence that overfishing and severe climate 
conditions caused the collapse of Northern cod in the 1990s, leading to a fishing 
moratorium (Drinkwater 2002). Drinkwater (2002) explained that the cold 
temperatures off southern Labrador and northeastern Newfoundland slowed 
growth rates and reduced size-at-age. From the 1980s to the early 1990s, 
biomass of the northern cod declined by 30-50% due to changes in weight 
(Drinkwater 2002). Furthermore during this period, high-grading of smaller size 
fish by fisherman led to high fishing mortality (Drinkwater 2002). Natural mortality 
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of cod eggs increased due to colder temperatures, and this may have lowered 
recruitment (Drinkwater 2002). 
Northern cod changed their distribution in response to the colder 
temperatures (Drinkwater 2002). Cod were found southward of their normal 
range, which may have also lowered recruitment (Drinkwater 2002). An 
environmentally induced fish kill occurred in Smith Sound in Trinity Bay, 
Newfoundland. More than 700 Atlantic cod were observed frozen to death and 
found floating, on April 3, 2003 (Hoag 2003). Temperatures were below negative 
1.7°C, which was unusual for the Bay (Hoag 2003). In addition, the amount of 
antifreeze protein in the frozen cod was very small (Hoag 2003). 
Changes in the zooplankton community and in fish dominance have been 
linked to warming in the Gulf of Maine and Georges Bank over the past fifty years 
(Link et al. 2002, Pershing et al. 2005, Kane 2007, Collie et al. 2008, Ecosystem 
Assessment Program 2009). In addition, increased stratification in the fall in the 
1990's and increased zooplankton species abundance correlated with increases 
in herring populations, which may be a possible bottom-up influence on fall 
herring recruitment success (J. Runge, personal communication, April 9, 2010). 
In the fisheries closures (inclusive of 0.12 DD buffers), mean temperature 
decreased from 1971-1990, and increased from 1991-2005 (Figure A. 102 in App. 
A). Similar trends were evident in the Gulf of Maine, Georges Bank, and Mid-
Atlantic Bight (Figure A.61 in App. A). With this "V" shaped trend both regionally 
and locally, mean temperature in 2001-2005 returned to mean temperature in 
1971-1976. This corresponded to species richness, and often abundance 
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increasing over time (Tables 1.10-1.11). This occurred in waters at least 22°C in 
Closed Areas 1 and 2, and in waters 5-9.9°C in the Western Gulf of Maine 
Closure and Cashes Ledge Closure. In the most southerly fishery closure, 
species richness decreased over time in Nantucket Lightship Closed Area in 
waters -1 to 10°C. Shifts in species distribution may also be evident from 
increasing species richness over time in higher latitudes (42-43°N) of Closed 
Area 1, Western Gulf of Maine Closure, and Cashes Ledge Closure. 
Loss of Ecosystem Stability. Increases in diversity correlate with 
increasing stability in ecosystems (Elton 1958, Odum 1953). Simpler 
communities are at greater risk for instability and invasion than complex 
communities (Elton 1958), since simplified communities have greater fluctuations 
in populations than diverse communities (Odum 1953). Species richness is 
associated with resilience (Tilman and Downing 1994), and increasing diversity 
leads to increases in resource productivity (Tilman 1996). 
On average diversity gives rise to ecosystem stability but diversity is not 
the "driver" (McCann 2000). McCann (2000) asserted, "ecosystem stability 
depends on the ability for communities to contain species, or functional groups, 
that are capable of differential responses". Most structuring in food webs are 
weak interactions, which prevent the destabilizing properties of strong 
interactions as evidenced by trophic cascades (McCann 2000). Multiple predator 
and prey species in a community creates stability, especially if predator or prey 
densities decline (MacArthur 1955). Instability results from populations being 
either too high or two low (MacArthur 1955). 
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Trophic Interactions and Stability. Trophic interactions such as predator-
prey interactions, competition, and trophic cascades are vital to the balance in 
marine systems (Beddington and May 1980, Beddington and May 1982). The 
removal of keystone species affects fluctuations in other interacting species 
(Paine 1966, Paine 1969). This top-down control by predators on the 
abundances of species in lower levels constitutes a trophic cascade (Paine 
1980). Yet, humans affect trophic interactions through fishing pressure (May et 
al. 1979, Beddington and Cooke 1982, Beddington and May 1982, Link 2002a, 
Link and Garrison 2002). 
Auster and Link (2009) compared the abundance and composition of fish 
feeding guilds (based on the consumption of similar prey) in the Gulf of Maine 
and Georges Bank, 1970-2008. The guilds included planktivores, benthivores, 
amphipod/shrimp feeders, crabivores, echinoderm feeders, shrimp/fish feeders, 
and piscivores (Auster and Link 2009). They found that 5 of the 7 guilds exhibited 
stability over time in abundance, despite heavy disturbance from fishing and 
shifts in species ranges (Auster and Link 2009). They suggested that 
compensatory mechanisms within guilds govern the functional role within the fish 
community, as a fish stock's abundance decreases another functionally similar 
fish species assumes that role (Auster and Link 2009). 
Fishing and Trophic Cascades. Some trophic cascades within the Gulf of 
Maine include humans-cod and wolffish, Anarhichas /ivpus.-mobile epibenthos 
and predatory fish-urchin-kelp (Pinnegar et al. 2000). Due to rapid declines in 
stocks from technological advances in fishing, large predatory finfish have 
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become functionally absent in many parts of the Gulf of Maine (Steneck 1997). 
By losing these top-level species, changes have occurred in the fish community. 
In addition, these food web changes affected benthic species; lobsters, crabs, 
and sea urchins became more abundant (Steneck 1997). 
Witman and Stebens (1992) found that Cashes Ledge was not as heavily 
impacted by fishing and thus had many predatory large fish (for instance cod, 
pollock, Pollachius virens, and wolffish). On sites with more fishing pressure, 
crabs and other mobile benthic species had less predation pressure (Witman and 
Stebens 1992). 
At inshore sites at similar depths to Cashes Ledge, sea urchins and 
lobsters were more abundant, while kelp was more dominate on Cashes Ledge 
where large predatory fish were present (Steneck 1997, Steneck et al. 1995). In 
areas where sea urchins have been intensely targeted for harvest, kelp beds 
have returned (Steneck et al. 1995). 
Frank et al. (2005) demonstrated a trophic cascade on the eastern Scotian 
Shelf, which was once dominated by cod. Losses in top predator, cod, 
abundance correlated with increases in shrimp and crab populations. Although, 
the authors noted that shrimp and crab were lucrative fisheries; they cautioned 
against the possible loss of ecosystem services caused by the removal of top 
predators (Frank et al. 2005). 
Here, for the top ten ranked fish by abundance, Atlantic cod was only 
found in the Western Gulf of Maine Closure/Cashes Ledge Closure, after 1990 
but prior to establishment of the closures. After establishment of the closures, 
45 
cod were still found in abundance in the Western Gulf of Maine Closure/Cashes 
Ledge Closure. Pollock was also found ranked in the top ten for the Western Gulf 
of Maine Closure/Cashes Ledge Closure, before and after establishment. The 
other fisheries closures did not show evidence of pollock ranking in the top ten by 
abundance over time. 
MPA Design Considerations for Species Diversity and Distribution 
Availability of Suitable Habitat. The persistence of populations depends on 
the availability of suitable habitat (Legendre and Forth 1989). Absent suitable 
habitat, species may go extinct thus species diversity declines. According to 
Rosenweig (1999), the process of extinction follows three events the loss of 
endemics, the loss of sink species, and the lowering of the steady state with 
fewer species. Habitat effects leading to extinction include habitat loss, 
fragmentation, isolation, and degradation (Diamond 1976, Van Dyke 2003). 
MPA Design. Within the same location, a large protected habitat will 
protect more species than a small protected habitat (Arrhenius 1921, Darlington 
1957, Diamond 1976). For the fisheries closures on Georges Bank, they rank 
highest to lowest in area from Closed Area 2 (6,859 km2), Nantucket Lightship 
Closed Area (6,252km2), to Closed Area 1 (3,943 km2) (Table 1.2). For the most 
recent five-year period (2001-2005), highest to lowest expected species richness 
at 10 tows ranked the fisheries closures: Closed Area 1 (36 fish), Nantucket 
Lightship Closed Area (29 fish), and Closed Area (26 fish) (Table 1.8). In this 
case, a smaller closure appeared to be associated with higher richness. However 
although these fisheries are all on Georges Bank, Closed Area 1 and Nantucket 
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Lightship overlap other regions (fish communities). Closed Area 1 overlaps the 
Gulf of Maine and Nantucket Lightship Closed Area overlaps the northern Mid-
Atlantic Bight (Figs. 1.1,1.6, and 1.8). Time series of expected fish richness for 
fisheries closures followed trajectories similar to those of the regions they 
predominately overlap (Figure 1.6-1.9). 
Edge effects occur when the perimeter to area ratio increases due to 
habitat loss and fragmentation. Edge species survive in these areas at the 
perimeter (Van Dyke 2003). The changes to habitat provide more habitats to 
edge species and often species diversity (richness and evenness) increases in 
these edges (Van Dyke 2003). However, increases in the perimeter results in 
edge species increasing while population levels of interior species decrease (Van 
Dyke 2003). The interior species may be subjugated to increased predation, 
parasitism, and herbivory. Thus, it is possible that a reserve will increase 
biodiversity but negatively affect the population of other species in the area. 
However in some cases, edge effects increase species richness at the cost of 
decreases in the populations of interior species. 
In 1987, Canada closed an area (~13,700 km2) offshore from Nova 
Scotia on the Scotian shelf to commercial bottom-trawl fishing (Frank et al. 2000, 
Fisher and Frank 2002). It was closed to protect juvenile haddock, with the goal 
of protecting recruits and allowing the stock to rebuild (Frank et al. 2000). 
Haddock was the dominant species post-closure, but finfish community 
composition changed due to increases in abundance of herring, winter flounder, 
Pseudopleuronectes americanus, and redfish. Spillover was evident in areas 
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outside of the closures (on Browns Bank) that retained a similar composition and 
relative abundance of species, with a lag of 1-3 years. Fisher and Frank (2002) 
argued that temperate MPAs could have positive benefits for species on local 
and regional scales. 
Laurel and Bradford (2006) suggested that dispersal and gene flow 
increases with latitude and that MPA deign should accommodate that difference. 
In particular, temperate fish species between 40-45°N had three times greater 
dispersal potential and genetic homogeneity than tropical species (Laurel and 
Bradford 2006). This equates to designing larger MPAs in temperate regions. 
From this analysis if the fisheries closures were expanded to include the 
0.12DD buffer, the perimeter of each fishery closure would increase two to three 
fold, and area would increase by at least two-thirds (Table 1.2). In addition, 
Nantucket Lightship Closed Area and Closed Area 1 would connect (Fig. A.2 in 
App. A). 
Species Considerations. Resulting from habitat fragmentation and 
isolation, habitat corridors for species to travel between patches of habitat are 
lost. Species with large territories need corridors or connections to other 
important habitat such as breeding or nursery areas. Metapopulation theory 
assumes that the persistence of individual populations occurs in patches 
resulting from reproduction, competitive ability, and migration to habitat patches 
of suitable quality (Levins 1969, Levins 1970). Hanski (1999) concluded that with 
increasing habitat fragmentation the density of habitat patches decreases. 
Without habitat, the rate of new establishing populations decreases (Hanski 
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1999). Overtime and before the destruction of all suitable habitats, the 
colonization rate drops below a threshold level (Hanski 1999). Once the 
metapopulation falls below a level it cannot compensate for extinctions and goes 
extinct (Hanski 1999). 
Kritzer and Sale (2004) argued that far too much emphasis has been 
placed on extinction risk of patches. Instead, they advocated for defining 
metapopulations according to spatial structure, for example to understand the 
role of interpopulation exchanges in local population size and stability (Tuck and 
Possingham 2000, Kritzer and Sale 2004). Kritzer and Sale (2004) suggested 
that carefully designed MPA networks, might be best for local populations. 
Some examples of demersal metapopulations in the Northwest Atlantic 
include cod in coastal and offshore regions and Newfoundland Labrador 
(Smedbol and Wroblewski 2002, Hu and Wroblewski 2008) and haddock stocks 
on the Scotian Shelf in the Gulf of Maine (Brickman 2003). 
Recommendations for Fishery Management 
In New England, only one stock (Atlantic sea scallops) has been rebuilt 
since the mandate of the Magnuson-Stevens Fishery Conservation and 
Management Act of 1996 to end overfishing (Rosenberg et al. 2006). The stock 
status of most groundfish remains overfished including cod (Gulf of Maine and 
Georges Bank stocks), haddock (Gulf of Maine and Georges Bank stocks), and 
yellowtail flounder (Cape Cod/Gulf of Maine, Georges Bank, and Southern New 
England/Mid-Atlantic stocks) (Mayo et al. 2009). Based on the harvest rate, 
overfishing is not occurring on both haddock stocks but overfishing is occurring 
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for all stocks of cod and yellowtail flounder. The current groundfish closures in 
the Gulf of Maine and Georges Bank do not restrict all fishing. Babcock et al. 
(2010) found that for no-take marine reserves, direct fisheries benefits occur 
within five years of establishment, but indirect effects occur more than 13 year 
after establishment. These indirect effects may include the recovery of exploited 
species and decline of their prey (Micheli et al. 2004). 
For these reasons as an integral component of EBFM in the Gulf of Maine 
and Georges Bank, fisheries managers should consider protecting biodiversity as 
a goal. Managers should relate habitat quality and availability to species' life 
history patterns. They should use a precautionary approach when making spatial 
management decisions in light of the likely synergistic effects of overfishing and 
climate change on sensitive fish populations. Specifically, mangers should 
consider creating a network of MPAs, large enough to compensate for the effects 
of fishing and climate change on local populations (Kritzer and Sale 2004, 
McLeodetal. 2009). 
Another important consideration is that with declines in groundfish and 
increases in pelagic species diversity and abundance, fisheries managers may 
face a daunting question. Would increasing fishing pressure on pelagic stocks 
allow demersal stocks to recover? Currently for commercial stocks, Atlantic 
herring and Atlantic mackerel are not considered overfished, bluefish, 
Pomatomidae saltatrix, are rebuilding, and butterfish are overfished (Overholtz 
2009). Increasing fishing pressure on forage fish species limits food available for 
marine mammals, large predatory pelagic fish, and sea birds (Overholtz 2009). 
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Pelagic fishing also affects anadromous fish since these species often mix with 
pelagic species at sea (Overholtz 2009, Kocik et al. 2009). Increases in pelagic 
fishing pressure would increase the likelihood of bycatch of marine mammals, 
groundfish, and anadromous fish (e.g. Atlantic salmon, Salmo salar, alewife, 
Alosa pseudoharengus, blueback herring Alosa aestivalis, and shad, Alosa spp.) 
(Kocik et al. 2009, Overholtz 2009). 
Tables 
Data selection for NMFS Bottom Trawl Surveys 
Starting number for study area for 1966-2005 
Selecting only Fall and Spring 




Selecting only 1971-2005 10,693 
Table 1.1: Data selection for NMFS bottom-trawl surveys. 
Geometry of Fisheries Closures and 0.12 DD Buffers 
MPA 
Closed Area 1 
Closed Area 2 
Nantucket Lightship Closed Area 
Western Gulf of Maine Closure 
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S = the number of 
species within a tow 
N = the number of 
individuals within a 
tow 
Pi = the number of 
individuals in 
species i;p, = the 
relative abundance 
of each species 
Wm«« = the number 
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Table 1.3: Diversity indices and associated properties for richness, abundance, Shannon 
index, Simpson index, and Berger-Parker index. 
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Site-based rarefaction 
Observed Expected species richness 
Tows Species 10 Tows 50 Tows 100 Tows 250 Tows 




Gulf of Maine 


























































































































































































































































































































Table 1.4: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys at 10, 50,100, 250, and 500 tows for spatial and temporal subsets of 
the study area. 
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Site-based rarefaction 










































































































































































































































































































































Table 1.5: Site-based rarefaction results for expected fish species richness from NMFS 




Observed Expected species richness 
Tows Species 10 Tows 50 Tows 100 Tows 250 Tows 500 Tows 
mean s.d. mean s.d. mean s.d, mean s.d. mean s.d. 























































































































































































































































































































Table 1.6: Site-based rarefaction results for expected fish species richness from NMFS 




Observed Expected species richness 
Tows Species 10 Tows 50 Tows 100 Tows 250 Tows 500 Tows 
























































































































































































































































































































Table 1.7: Site-based rarefaction results for expected fish species richness from NMFS 
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Table 1.8: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys at 10, 50,100, and 250 tows for temporal subsets of the five closed 
areas. 
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Table 1.9: General patterns across five-year periods for diversity indices and subsets for 
Geogres Bank, the Gulf of Maine, and the Mid-Atlantic Bight. Dark grey boxes represent 
increases in the index, medium gray stands for decreases in the index, gray indicates no 
apparent change over time, light gray indicates that combination of variables did not exist. 
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"General pattern across five-year periods from 1971-2005 
Index 
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Table 1.10: General patterns across five-year periods for diversity indices and subsets for 
Closed Area 1, Closed Area 2, and Nantucket Lightship Closed Area, inclusive of 0.12 DD 
buffers. Dark grey boxes represent increases in the index, medium gray stands for 
decreases in the index, gray indicates no apparent change over time, light gray indicates 
that combination of variables did not exist. 
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General pattern across five-year periods from 1971-2005 
Index 
Fishery Closure Subset Richnsss A b c ' i d w f Shannon Jovennom Eewnnes". Simpsor Sinip-Iim S ; ' ! , t ' 1 
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Table 1.11: General patterns across five-year periods for diversity indices and subsets for 
Western Gulf of Maine Closure and Cashes Ledge Closure, inclusive of 0.12 DD buffers. 
Dark grey boxes represent increases in the index, medium gray stands for decreases in 
the index, gray indicates no apparent change over time, light gray indicates that 
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Table 1.12: Rank abundance of top 10 fish species by 5 year periods inside and outside 
the five fishery closures (Closed Area 1, Closed Area 2, Nantucket Lightship Closed Area, 
and Western Gulf of Maine Closure combined with Cashes Ledge Closure). Red boxes 
indicate the 5 year periods in which the fishery closures operate. Several commercial 
demersal species are highlighted including Atlantic cod, haddock, yellowtail flounder, and 
spiny dogfish. In addition, pelagic species are identified. 
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Summary of Results 
Is expected fish species richness the same for spatial and temporal subsets of the data over the region? 
Overall MB > GB > GM 
Seasonal fall > spring 
Temporal Increased in fall over time for MB, GB, and GM; increased in the spring for MB 
Is expected fish species richness the same for temporal subsets of data within the fisheries closures? 
Seasonal fall > spring 
Temporal Increased overtime in CA1 and WGM/CLC; decreased overtime in CA2 and NLS 
Is fish species diversity the same for spatial, temporal, and habitat characteristic subsets of the data over the region? 
Diversity Decreased over time in MB.GB, and GM 
Evenness Decreased over time in GB for certain temperatures and depths 
Richness Increased over time in MB, GB, and GM for certain temperatures and depths 
Abundance Increased over time in GB and GM for certain temperatures 
Dominance Increased over time in MB 
Is mean fish species diversity the same inside and outside fisheries closures over time? 
Diversity Decreased over time inside and outside of all closures 
Evenness Decreased over time inside and outside of all closures 
Richness Stable over time inside and outside of most closures; decreased over time inside and outside NLS 
Abundance Increased over time inside and outside of most closures; decreased outside of NLS post-closure 
Dominance Remained high inside and outside all closures 
Is fish species diversity the same for temporal and habitat characteristic subsets of the data within buffered fisheries closures? 
Diversity Decreased over time for the buffered closures 
Evenness Decreased over time inside and outside of all closures 
Richness Varied between closures, in/out of closures, timing of closure, season, depth, and temperature 
Abundance Varied between closures, in/out of closures, timing of closure, season, depth, and temperature 
Dominance Varied between closures, in/out of closures, timing of closure, season, depth, and temperature 
Is the rank abundance of fish species the same inside and outside of the fisheries closures over time? 
Closed Area 1 Over time pelagics replaced groundfish; haddock returned to high rank abundance post closure 
„. . . . Over time pelagics replaced groundfish; haddock and yellowtail flounder returned to high rank abundance post 








Over time pelagics replaced groundfish 
Overtime pelagics replaced groundfish; haddock returned to high rank abundance post closure 
Is the Renyi diversity of fish species the same inside and outside of the fisheries closures over time? 
Diversity No clear patterns over time; but Inside > Outside for CA1, CA2, and NLS; Outside > Inside for WG/CLC 
Evenness Low evenness inside and outside of fisheries closures 
Table 1.13: Summary of resulting fish species diversity patterns. These were identified 
through visual inspection of statistical output from NMFS bottom-trawl surveys. MB = Mid-
Atlantic Bight, GB = Georges Bank, GM = Gulf of Maine, CA1 = Closed Area 1, CA2 = 
Closed Area 2, CLC = Cashes Ledge Closure, NLS = Nantucket Lightship Closed Area, and 
WGM = Western Gulf of Maine Closure. 
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Figures 
Figure 1.1: Map of the study area (large polygon) including three sub-regions (Gulf of 
Maine, Georges Bank, and Mid-Atlantic Bight) and the five large fishing closures (Closed 
Area 1, Closed Area 2, Nantucket Lightship Closed Area, Western Gulf of Maine Closure, 
and Cashes Ledge). 
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Figure 1.2: Map of Western Gulf of Maine and Cashes Ledge Closures with a 0.12 decimal 
degree buffer. 
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Figure 1.3: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for by region (left, GB: Georges Bank, GM: Gulf of Maine, and MB: 
Mid-Atlantic Bight, and all: combined regions), and season (right, spring and fall). 
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Figure 1.4: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for the entire study area (top left), Georges Bank (top right), Gulf of 
Maine (bottom left) and Mid-Atlantic Bight (bottom right) separated by seasons (spring and 
fall). Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure 1.5: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for Closed Area I (CAI-top left), Closed Area II (CAII-top right), 
Nantucket Lightship Closed Area (NLS-bottom left) and Western Gulf of Maine and Cashes 
Ledge Closures (WGOM&CL-bottom right) separated by seasons (spring and fall). 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure 1.6: Smoothed time series of site-based rarefaction results for expected fish 
species richness from NMFS bottom-trawl surveys at 10 tows for Closed Area I, study 
area, Mid-Atlantic Bight, and Georges Bank. For each value, error bars indicate standard 
error of mean (standard deviation divided by the square root of the sample size). The light 
gray area represents pre-closure and the dark gray area represents post-closure (after 
1994). 
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Figure 1.7: Smoothed time series of site-based rarefaction results for expected fish 
species richness from NMFS bottom-trawl surveys at 10 tows for Closed Area II, study 
area, Gulf of Maine, and Georges Bank. For each value, error bars indicate standard error 
of mean (standard deviation divided by the square root of the sample size). The light gray 
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Figure 1.8: Smoothed time series of site-based rarefaction results for expected fish 
species richness from NMFS bottom-trawl surveys at 10 tows for Nantucket Lightship 
Closed Area, study area, Mid-Atlantic Bight, and Georges Bank. For each value, error bars 
indicate standard error of mean (standard deviation divided by the square root of the 
sample size). The light gray area represents pre-closure and the dark gray area represents 
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Figure 1.9: Smoothed time series of site-based rarefaction results for expected fish 
species richness from NMFS bottom-trawl surveys at 10 tows Western Gulf of Maine and 
Cashes Ledge Closures, study area, and Gulf of Maine. For each value, error bars indicate 
standard error of mean (standard deviation divided by the square root of the sample size). 




HISTORICAL AND MODERN PATTERNS OF MARINE BIODIVERSITY IN THE 
WESTERN GULF OF MAINE AND GEORGES BANK 
Introduction 
Background 
Overfishing is the dominating factor for ecological extinctions of species 
from coastal regions (Jackson et al. 2001), drastic reductions in population sizes 
(Rosenberg et al. 2005), and alterations in the structure of marine ecosystems 
(NRC 2006). Furthermore, fishing influences marine biodiversity at the 
ecosystem, species, and genetic level through habitat destruction, alteration of 
community composition, reduction in the size composition offish, and limitation 
of the genetic diversity of stocks (Sobel and Dahlgren 2004). 
Since 1950, landings for global fisheries shifted from "long-lived, high 
trophic level, piscivorous bottom fish toward short-lived, low trophic level 
invertebrate and planktivorous pelagic fish" (Pauly et al. 1998). In a meta-
analysis of the impact of fishing on marine fish biodiversity for 177 populations of 
62 fish species, Hutchings and Baum (2005) state that marine species have 
declined by 35% since 1978 with demersal species at record lows and pelagic 
species stable or increasing. While, Lotze and Worm (2009) conclude that for 
256 reviewed records in 95 studies, exploited marine animal populations on 
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average declined 89% from historical baseline abundance levels. With increasing 
fishing pressure and expansion of new fisheries, studies demonstrate that the 
majority of marine fish populations are in decline (Fogarty et al. 2001, Fromentin 
2001, Pauly et al. 2002, Pauly and Watson 2003, Rosenberg 2003, and Safina et 
al. 2005). Absent fishing pressure, these same fish stocks have the intrinsic 
potential to rebuild to target levels within 10 years (Safina et al. 2005) with early 
signs of recovery evident from sound fisheries management practices (Worm et 
al. 2009). 
One solution, ecosystem-based fisheries management, integrates 
sustainable fisheries and marine biodiversity conservation (Link 2002b and 
Fogarty 2006). The protection of biodiversity and sustainability of fisheries is 
critical to human well-being in regards to maintaining market values (fish 
products and food security), ecosystem services (water purification, 
bioremediation, nutrient recycling, and carbon sequestration), esthetics 
(recreational activities, tourism, and eco-tourism), existence values (maintain the 
natural world for current and future generations) and heritage values (respect for 
past and living cultures) (NRC 2001 and Costanza et al. 1997). 
Ecological baselines are one indication of changes in the services and 
values provided. Likewise, historical ecological baselines may reveal clues about 
past marine communities and human impacts (Jackson et al. 2001, Rosenberg et 
al. 2005, Lotze and Worm 2009, and Alexander et al. 2009). One key difficulty, 
however, is how to use historical records of marine biodiversity with those from 
the recent past. Statistical analysis of community level data (Gotelli and Graves 
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1996, Rice 2000, Hutchings and Baum 2005, Kindt and Coe 2005) provides a 
mechanism for comparing different times or eras. To provide a broad context to 
the current management of New England groundfish (bottom-dwelling fish 
including gadids, flatfish, and hakes), this study statistically compares genera 
and fish species presence data from two fisheries-independent surveys, together 
spanning more than 100 years. 
Objectives 
The main objective of this study is to place current patterns of marine 
biodiversity in the context of historical patterns. Biodiversity is "the structural and 
functional variety of life forms at genetic, population, community, and ecosystem 
levels" (Sandlund, Hindar, and Brown 1992). Alpha diversity (community 
diversity), is measured in a variety of ways such as species richness, evenness, 
and diversity (Magurran 1988, Magurran 2004). For the scope of this study, 
biodiversity is defined by its simplest measure, richness. Richness is measured 
by genera, fish genera, and fish species. In all cases, richness is the count of 
unique genera or species present in a particular sample (i.e. tow). A concurrent 
objective is to determine if there are differences in richness patterns across sub-
regions in the Gulf of Maine over time. 
Study Area 
Highly productive and well-studied, the Gulf of Maine is a semi-enclosed 
sea encapsulating many shallow ledges and banks; the largest of which is 
Georges Bank (Beardsley et al. 1997, Lynch et al. 1997, Ji et al. 2006, Townsend 
et al. 2006, Mountain and Kane 2010). The study area includes the western 
74 
portion of the Gulf of Maine and Georges Bank and the northern section of the 
Mid-Atlantic Bight east of Block Island (Fig. 2.1). Seven physiographic sub-
regions, varying in their bathymetry and substrate type within the study area, 
include the Central Gulf of Maine, Continental Slope, Georges Bank, Northern 
Mid-Atlantic Bight, Northern Coastal Shelf, Southern Coastal Shelf, and 
Wilkinson Basin (Census of Marine Life). Using GIS, 15-m isobaths are used to 
extend the Continental Slope region west and the definition of the northern Mid-
Atlantic Bight region boundary (from Census of Marine Life boundaries). 
Current anthropogenic impacts include, but are not limited to, commercial 
and recreational fishing, shipping, marine cables, pipeline point and non-point 
source pollution, and coastal development. In addition, marine management 
areas include the Stellwagen Bank National Marine Sanctuary, located mainly on 
the southern coastal shelf (Fig. 2.1), and several seasonal and yearly commercial 
fisheries closures (see Fig. 1.1 in Chapter 1). 
Methods 
Data Sources 
To explore patterns of marine biodiversity, this study incorporates two 
fisheries-independent research surveys: survey data reconstructed from vessel 
logbooks of Fishhawk (1880-1899) (Claesson and Rosenberg 2009), and data 
derived from groundfish monitoring surveys conducted aboard Delaware and 
Albatross (1963-2007) (NMFS). Both surveys sample the bottom community of 
the Gulf of Maine and Georges Bank and contain species presence data. 
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However, several key differences exist between the two surveys (as summarized 
in Table 2.1). 
The sampling design of Fishhawk surveys included targeted sampling and 
using multiple trawl devices (predominantly beam trawls) (Fig. B.1 in App. B-1). 
In 1880, the U.S. Commission of Fish and Fisheries commissioned the 156 ft 
(47.55 m) steamer Fishhawk into service primarily as a hatchery vessel (U.S. 
Commission of Fish and Fisheries 1883). Fishhawk began double duty hatching 
shad (Alosa spp.) and Spanish mackerel (Scomberomorus maculates), and 
surveying the marine communities of the eastern U.S. seaboard (U.S. 
Commission of Fish and Fisheries 1883). In the Gulf of Maine and Georges 
Bank, trawl and dredge surveys occurred. Initially, 9 ft (2.74 m), 11 ft (3.35 m), 
and 17 ft (5.18 m) beam trawl lengths were deployed (U.S. Commission of Fish 
and Fisheries 1884). Otter-trawls were also used when targeting fish in shoal 
water with a "smooth bottom" (U.S. Commission of Fish and Fisheries 1884). 
These, trawl nets varied in length from 15 ft (4.57m) to 40 ft (12.19 m), and all 
contained "pockets" to encourage fish to remain in the trawl net (U.S. 
Commission of Fish and Fisheries 1884). Other sampling gear included a double-
trawl for towing in deep-water when risk of capsizing was of concern, and a 
hooked and baited cod-trawl to sample great northern tilefish (Lopholatilus 
chamaeleonticeps) (U.S. Commission of Fish and Fisheries 1884). 
NMFS surveys incorporate stratified random sampling with a bottom otter 
trawl. In 1902, the U.S. Commission of Fish and Fisheries became the U.S. 
Bureau of Fisheries, and later in the 1970s NMFS. Monitoring of groundfish in the 
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Gulf of Maine and Georges Bank began as early as 1948, but a systematic 
sampling program did not begin until 1963. Sampling design and methodology 
has remained relatively the same (with some gear changes) since this time. 
Currently, NMFS research vessels tow a Yankee 36 otter trawl at 3.8 knots for 30 
minutes at each sampling station. 
Data Attributes and Selection 
Attributes in original Fishhawk and NMFS surveys include survey 
characteristics (record number, year, month, latitude, and longitude) and 
biological data (genus, species, and common name). Each survey location or 
station is assigned to a physio-region (Central Gulf of Maine, Continental Slope, 
Georges Bank, Northern Mid-Atlantic Bight, Northern Coastal Shelf, Southern 
Coastal Shelf, or Wilkinson Basin), sub-region (coastal-bight, shelf, or slope), era 
(1880-1899, 1963-1975, 1976-1985, 1986-1995, or 1996-2007), and season 
(Winter [December-February], Spring [March-May], Summer [June-August], or 
Fall [September-November]) (Fig. 2.1, Tables 2.1 and 2.3). For Fishhawk 
surveys, a depth attribute (bathymetry) is assigned to each survey station. NMFS 
and Fishhawk station depths are categorized further into shallow (<100 m), 
middle (100-500 m), and deep (>500 m). 
For the biological data, using historical with more recent surveys presents 
a challenge in taxonomic standardization. During Fishhawk surveys, expeditions 
to discover and identify marine species often resulted in multiple scientific names 
for the same species (App. B-2). Therefore, this work constructs taxonomies for 
both surveys by tracing historical naming conventions to the most current 
77 
taxonomic synonyms (Apps. B-2 to B-5). This process involves the use of 
multiple online databases (e.g. www.fishbase.org) and cross-referencing 
common names in Fishhawk surveys with entries containing both scientific and 
common names. 
Data selection began by sub-sampling Fishhawk surveys based on gear 
type, location, and presence of genera. This results in 140 Fishhawk survey sites 
(Fig. 2.1-2.2, Table 2.2). Selected Fishhawk survey sites use trawl sampling gear 
(Fig. B.1 in App. B-1), contain latitude and longitude attributes, and include at 
least genus-level data (Table 2.2). 
Using GIS, NMFS stations are selected by applying a 10-nm (18.52 km) 
buffer to Fishhawk trawl stations resulting in 1,613 NMFS bottom-trawl sites (Fig. 
2.1-2.2, Table 2.2). The buffer allows the limiting of spatial variability between the 
two surveys, assuming that nearby sites have more in common than sites further 
apart, such that marine community composition depends on environmental 
conditions (hydrography, substrate, temperature fluctuations, and salinity 
gradients). 
Most marine life records in Fishhawk surveys are identified to the genus-
level. As an exception, fish usually are identified by complete scientific name. 
The records from Fishhawk surveys include a genus, species or common name 
and sometimes all three, while NMFS survey records include mostly scientific 
and common names. Limiting the data to genera further reduces the sample size 
of both surveys (Table 2.2). 
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Procedures 
A suite of statistical procedures is used to investigate patterns of marine 
biodiversity in the western Gulf of Maine and Georges Bank. Procedures are 
designed to address specific questions, listed below, and elucidate these 
patterns. 
1. Is the expected genera richness the same for both surveys? 
2. Is there an association between fish feeding guilds and the two surveys? 
3. Is there a relationship between Fishhawk survey and NMFS survey 
richness? Put another way: is there a linear relationship for historical 
richness and more recent richness? 
4. What potential factors contribute to richness in Fishhawk surveys? 
For all statistical tests, the confidence level is 95% with an alpha level equal to 
0.05. A variety of software programs are used for data management and 
analysis, as summarized in Table B.1 in Appendix B-1. 
1. Expected Genera Richness Density. Due to variations in collection 
methods and sample sizes, further standardization beyond data selection 
(described above) is necessary. The objective is to compare a measure of 
biodiversity for the two disparate surveys. Limited by presence-only data, 
rarefaction techniques are used to compare expected genera richness between 
the two surveys by preserving the identity of each genera and eliminating the 
sample size effect. 
Developed by Saunders (1968) and later refined by Hurlburt (1971), the 
rarefaction model allows for the comparison of genera richness and the removal 
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of sampling bias (Gotelli and Graves 1996). As previously mentioned, genera 
richness is selected over species richness because it is more complete in 
Fishhawk surveys. The rarefaction model is based on a hypergeometric 
distribution and sampling without replacement from a parent distribution (the 
observed collection) (Gotelli and Graves 1996). Gotelli and Colwell (2001) 
explain rarefaction methods as a means of standardizing species richness, 
especially for unequal sample sizes, and can be used at various taxonomic 
levels, such as at the genus-level in the case of this study. 
Site-based rarefaction (Worm et al. 2003 and Kindt and Coe 2005) of both 
datasets reveals the expected genera richness density accumulation curves. The 
rarefaction analysis is run using R with the library BiodiversityR. Community and 
environmental matrices are constructed following procedures outlined in Kindt 
and Coe (2005). Rarefaction is run on all the data and sub-divisions based on 
spatial and temporal attributes. Output includes constructing accumulation curves 
with confidence intervals (two standard deviations) for each sub-division. The 
expected genera richness density values at 10 and 40 tows are summarized in a 
table to facilitate interpretation. Then, this process is repeated for expected fish 
genera richness density. However, the class, Cephalaspidomorphi (lampreys), is 
excluded from the analysis of expected fish genera and species richness. 
There are many key assumptions in this analysis. First, a major 
assumption is that both surveys use standardized sample collection methods and 
identification techniques. Another assumption is that samples collected within 
close spatial or temporal proximity are more alike than those collected further 
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apart from each other. Additionally, presence data is used to infer patterns over 
the larger community without necessarily having information on the number of 
individuals sampled. Expected genera richness values at 10 and 40 tows are 
considered to be indicators of differences between and within both datasets and 
sub-divisions. 
2. Fish Feeding Guilds. An investigation of the fish community determines 
if similar proportions offish species in feeding guilds are present in Fishhawk and 
NMFS surveys. 
• H0: The null hypothesis is that the categorical variables (fish feeding guilds 
and surveys) are independent. 
• HA: The alternative hypothesis is that the categorical variables are not 
independent. 
All identified fish species in both surveys are assigned to fish feeding guilds 
(pelagic, demersal benthivore, demersal piscivore, demersal omnivore, or 
unclassified demersal) using the classification developed by Link and others 
(2007) for Georges Bank. For fish species not specifically identified by Link and 
others (2007), Fishes of the Gulf of Maine (Collette and Klein-MacPhee Eds. 
2002) and fishbase.org (FishBase 2009) are used to determine fish feeding 
habits and assign the species to a guild using methods similar to those used by 
Link et al. (2007). 
Fish species are tallied according to fish feeding guild and spatial or 
temporal subset, and tabulated in a contingency table with sample sizes noted. 
Two-tailed Fisher exact tests are run to determine if there is an association 
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between fish feeding guilds and various spatial or temporal subsets for each of 
the surveys. The Fisher exact test is selected due to small count sizes within the 
contingency tables and because all the contingency tables are larger than 2 by 2. 
P-values are simulated from 100,000 replicates using Monte Carlo methods 
because the contingency tables are large ranging in size from 2 by 5 to 5 by 5. 
Following this analysis, a simulation study is conducted to assess the 
sensitivity of the previous results to sample size differences. For the simulation, 
both surveys are sampled separately, without replacement and with sample sizes 
fixed at 10 or 50 tows, to maximize reasonable sample sizes depending on the 
spatial or temporal sub-divisions. Fish species from each survey are tallied in a 
contingency table and the Fisher exact test is run. The simulation is repeated 
1,000 times for each test and the resulting p-values are summarized. 
Several assumptions are made in the course of the guild analysis. First, 
the fish feeding guilds for Georges Bank (Link et al. 2008) are used as a proxy 
for the study area (which includes areas outside of Georges Bank). Additionally, 
it is assumed that the fish feeding guild assignments have not changed through 
time. Without evidence of prey switching by the demersal species, this 
assumption makes sense considering the demersal categories are so broad. For 
a discrepancy, a demersal omnivore must have switched from eating fish and 
benthic invertebrates to eating only fish (demersal piscivore) or only benthic 
invertebrates (demersal benthivore) or vice versa. Furthermore, evidence of prey 
switching could provide an indicator of changes in trophic structure. But, the 
assumption is that fish species collected by Fishhawk and NMFS surveys are 
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grouped according to habitat (pelagic or demersal) and diet (fish- piscivore, 
benthic invertebrates- benthivores, or both- omnivores). Fishhawk and NMFS 
survey sites within a given region (a proxy for habitat type) are assumed to have 
more similar fish species than different regions. Likewise, Fishhawk and NMFS 
survey sites within a given subset (coastal-bight, shelf, or slope) are assumed to 
have more similar fish species than between subsets based on survey sites in 
close spatial proximity. 
3. Correlation of Richness between Surveys. To test these hypotheses 
below, Fishhawk survey sites are paired with NMFS survey sites on the basis of 
their spatial proximity. 
• Ho: The null hypothesis is there is no linear relationship between 
Fishhawk survey richness and NMFS survey richness. 
• HA: The alternative hypothesis is that there is a linear relationship between 
Fishhawk survey richness and NMFS survey richness. 
For each NMFS survey location, the nearest neighbor from Fishhawk surveys is 
identified using GIS. Genera, fish genera, and fish species richness are 
calculated for both surveys. In all cases, the x-axis variable is Fishhawk survey 
richness and the y-axis variable is NMFS survey richness. The resulting pair-wise 
richness is tested for a linear correlation using the Pearson correlation coefficient 
and rank-based correlation using the Spearman and Kendall coefficients. For all 
tests, 0 indicates no correlation, +1 indicates a strong positive correlation, and, -1 
indicates a strong negative correlation. A weak correlation is defined as -0.3 to 
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-0 .1 , or 0.1 to 0.3. A moderate correlation is defined as -0.5 to -0.3001, or 0.3001 
to 0.5. A strong correlation is defined as -1 to -0.5001, or 0.5001 to 1. 
This analysis includes several important assumptions. First, finding a 
significant correlation between the two variables does not imply causality. 
Furthermore, paired richness within a spatial or temporal subset is expected to 
be more similar than between these subsets. Richness is assumed to be an 
indicator of community complexity in which large richness values are associated 
with biodiversity hotspots. 
4. Potential Factors Affecting Richness in Fishhawk Surveys. To explore 
the possible contribution of the spatial, physical, and temporal factors on 
richness, generalized linear models (GLMs) are constructed separately for 
genera richness, fish genera richness, and fish species richness. In all cases, the 
response variable is richness (genera, fish genera or fish species) and the initial 
predictor variables include year, month, season, era, sub-area, region, 
bathymetry, latitude, and longitude. For this section of the analysis, era is broken 
into two components 1880-1889, and 1890-1899. 
To select options for the error structure in the GLMs, it is determined if the 
richness frequency distribution is from a specified distribution (normal, Poisson or 
negative binomial). Does the observed richness frequency distribution follow the 
specified distribution, and is it equal to the expected frequency distribution? 
• Ho: The null hypothesis is that the observed richness frequency 
distribution follows the specified distribution and is equal to the expected 
frequency distribution. 
84 
• HA: The alternative hypothesis is that the observed richness frequency 
distribution does not follow the specified distribution and is not equal to the 
expected frequency distribution. 
To test these hypotheses, observed frequency distributions (richness 
counts) are compared with expected frequency distributions (normal, Poisson, 
and the negative binomial) visually and with Pearson Chi-Square goodness-of-fit 
tests. Expected frequencies of less than 4 are grouped together following the 
advice of Crawley (2007). Results are summarized, and in all cases the null 
hypothesis is rejected except for observed genera richness and expected 
negative binomial (p-value=0.078 and thus do not reject the null hypothesis). 
Consequently, the negative binomial is selected as a candidate for the error 
structure. 
Many zeros and low values occur in the response variable (richness), 
causing overdispersion; thus, GLMs are constructed using either the negative 
binomial or quasi-Poisson distributions. In all cases, the log link function is used 
to avoid negative numbers. 
For each of the three richness models, the modeling process starts with 
the maximal model containing all the factors and their interactions by using a 
negative binomial error structure and log link. Then, step AIC (MASS library for 
R) is used to reduce the model and further reductions are made with deletion 
tests (ANOVA comparing the more complex model and a simpler one containing 
the deletion) resulting in the minimal model. Results are summarized. Then 
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quasi-Poisson errors are fitted to the minimal model and compared to the 
minimal model fitted with negative binomial errors. 
The explained deviance (the quantity null deviance minus the residual 
deviance, then divided by the null deviance) is calculated to compare models 
with different error structure. Minimizing the residual deviance is analogous to 
maximizing the likelihood (Crawley 2007). In a sensitivity analysis, outliers and 
leverage points are deleted separately, then in combination, to determine if the 
resulting explained deviance improves from the minimal model explained 
deviance. 
Several assumptions are made in order to implement the GLMs. First, 
richness patterns are assumed to be related to spatial and temporal factors. 
Second, observed frequency distribution patterns and subsequent overdispersion 
guides the choice of using negative binomial and quasi-Poisson error structure. 
Explained deviance is considered appropriate to compare models with different 
error structure because deviance is estimated differently for each error structure 
(Pitkanen 2000 and Crawley 2000). 
Results 
In general, findings expose differences in spatial and temporal richness 
patterns within and between Fishhawk and NMFS surveys. Evidence supporting 
these differences is summarized for specific questions addressed (as detailed in 
the methods section). 
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Expected Genera Richness Density 
Genera in Classes. Comparison of taxonomies (App. B-2 to B-5) reveals 
that Fishhawk and NMFS surveys, correspondingly, distinguished 27 and 7 
classes of genera (Fig. 2.3). Both surveys contain fish genera in three classes of 
fish: Actinopterygii, Elasmobranchii, and Myxini. NMFS surveys identify the most 
fish genera with 139, with 64 for Fishhawk surveys (Figs. 2.3-2.4), and the 
largest difference in the class of ray-finned fishes, Actinopterygii (127 versus 57). 
Fishhawk surveys collected more genera in benthic invertebrate classes: 
Anthozoa, Asteroidea, Bivalvia, Demospongiae, Echinoidea, Gastropoda, 
Ophiuridea, and Polychaeta (Fig. 2.3). Both surveys sample several genera in 
the class Malacostraca (Fig. 2.3). 
Expected Genera and Fish Genera Richness Density. Rarefaction reveals 
the expected genus density accumulation curve over both surveys, indicating that 
richness density is far greater during Fishhawk surveys (Fig. 2.5). When scaled 
to the total number of Fishhawk tows, the expected genera richness density after 
40 tows is 139, while the NMFS richness density is 72 - a difference in genera 
richness density of almost half over a period of approximately 100 years (Fig. 2.5 
and Table 2.3). In addition, the trajectory of the Fishhawk rarefaction curve does 
not approach a maximum expected genera richness density, so we expect to find 
more genera with further sampling than we would by additional NMFS sampling 
(Fig. 2.5). This trend is reversed in rarefaction analysis offish genera richness; 
however, the density accumulation curves fall within the 95% confidence 
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intervals of each other and the trajectory of the rarefaction curves are more 
similar than those including all genera (Fig. 2.5 and Table 2.4). 
Results highlight that expected genera richness density, in spatial and 
temporal subsets from Fishhawk surveys, is up to 1.9 times NMFS surveys 
counterpart (Table 2.3). In contrast, expected fish genera richness density for 
NMFS surveys is up to 2.3 times greater than the richness density for Fishhawk 
surveys (Table 2.4). Thus, the null hypothesis, there are no differences in 
expected genera richness between the two datasets, is rejected. 
Site-based Rarefaction for Expected Genera Richness Density. By 
comparing the expected genera richness density at a standard of 10 tows, 
differences between the surveys are evident for the entire study area, sub-areas, 
seasons, eras, and a combination of sub-areas with eras (Table 2.3). At this 
level, Fishhawk surveys expected genera richness density is 30% greater than 
NMFS surveys (Table 2.3) for the entire study area. Generally, this gap increases 
upon separating the surveys into spatial and temporal subsets. Fishhawk surveys 
expected genera richness densities are 58%, 42%, and 10% more in the shelf, 
slope, and coastal-bight sub-areas than NMFS surveys in those areas (Figs. B.2-
B.4 in App. B-1). For rarefaction by seasons, Fishhawk surveys expect 56% and 
14% more genera for the summer and fall than NMFS surveys (Figs. B.5-B.6 in 
App. B-1). No Fishhawk surveys occurred in the winter or spring, but NMFS 
surveys sampled in all four seasons (Fig. B.7 in App. B-1). This pattern continues 
temporally, punctuated by the 47% advantage in expected genera richness 
density for Fishhawk surveys from 1880-1899, over NMFS surveys from 1963-
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1975 (Figs. B.8-B.11 in App. B-1). For the coastal-bight, the expected genera 
richness density is 32% more for 1880-1899 (Fishhawk surveys) than for 1963-
1975 (NMFS surveys) (Fig. B.12 in App. B-1). The largest disparity is for the 
shelf, in which expected genera richness density for 1880-1899 (Fishhawk 
surveys) is 86% greater than for 1963-1975 (NMFS surveys) (Fig. B.13 in App. 
B-1). Surveys taken within the slope during 1880-1899 (Fishhawk surveys) and 
1976-1985 (NMFS surveys) differ in expected genera richness density by 62% 
(Fig. B.14 in B-1). 
Spatial and temporal differences in expected genera richness density 
persist within separate surveys when comparing estimates at 10 tows. For 
Fishhawk surveys, the expected genera richness density for the shelf is 54% and 
38% greater than NMFS surveys for the coastal-bight and slope (Table 2.3). For 
NMFS surveys, this difference is not as pronounced; the shelf expected genera 
richness is 8% more than the coastal-bight and 23% more than the slope (Table 
2.3). Seasonal differences include 60% more expected genera richness density 
for summer than fall in Fishhawk surveys and 11% more for fall than summer in 
NMFS surveys (Figs. B.5-B.6 in B-1). For the shelf, the expected genera richness 
density in the NMFS survey improves sequentially from 35 (1963-1975) to 38 
(1976-1985) to 41 (1986-1995) to 42 genera (1996-2007). Notably, the expected 
genera richness density in NMFS surveys for slope genera jumps from 29 (1963-
1975 and 1976-1985) and 30 (1986-1995) to 39 genera (1996-2007), an increase 
of over 30%. Expected genera richness density for NMFS surveys in the coastal-
89 
bight shifted from 32 (1963-1975) to 39 (1976-1985) down to 34 (1986-1995) 
then up to 37 genera (1996-2007). 
Site-based Rarefaction for Expected Fish Genera Richness Density. In 
general, the patterns for expected fish genera richness density appear to be in 
opposition to those for expected genera richness. As before, expected fish 
genera richness density is compared using the standard of 10 tows (Table 2.4). 
For the overall study area, NMFS surveys expected fish genera richness density 
is 44% more than Fishhawk surveys complement (Fig. 2.5). Differences in fish 
genera richness density continue to favor NMFS surveys with 133% more on the 
coastal-bight, 60% more on the shelf, and 4% more on the slope than Fishhawk 
surveys (Figs. B.2-B.4 in App. B-1). Seasonally, fish genera richness density is 
greater in NMFS surveys than in Fishhawk surveys by 27% for summer and 46% 
for fall (Figs. B-5-B.6 in App. B-1). Fishhawk 1880-1899 surveys rank the lowest 
for the expected fish genera richness by era; the largest difference is 51% more 
fish genera expected in 1996-2007 (NMFS survey) (Figs. B.8-B.11 in App. B-1). 
For the coastal-bight, the expected fish genera richness density is 139% more for 
1976-1985 (NMFS surveys) than 1880-1889 (Fishhawk surveys) (Fig. B.12 in 
App. B-1). For the shelf, it is 61% more for 1986-1995 (NMFS surveys) than 
1880-1899 (Fishawk survey) (Fig. B.13 in App.B-1). Lastly, for the slope, it is 
22% more for 1996-2007 (NMFS surveys) than 1880-1899 {Fishhawk surveys) 
(Fig. B.14inApp. B-1). 
Differences, in fish genera richness density for spatial and temporal 
subsets, continue to be present within separate surveys. Expected fish genera 
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richness density for Fishhawk surveys ranks from 26 (slope), 21 (shelf), and 14 
(coastal-bight) fish genera; the same ranking of sub-areas (slope - shelf- coastal-
bight) is evident for expected genera richness density (Tables 2.3-2.4). NMFS 
surveys also retain similar rankings (shelf - coastal-bight - slope) for both 
expected genera and fish genera richness density. Seasonal differences in 
expected fish genera richness density are negligible in Fishhawk surveys and 
most distinct at 19% more for winter than summer in NMFS surveys (Figs. B.5 
and B.7 in App. B-1). Fish genera richness density generally increases for the 
NMFS survey through the eras from 35 (1963-75) to 38 (1976-85) to 37 (1986-
1995) to 40 genera (1996-2007) (Figs. B.8-B.11 in App. B-1). For NMFS surveys, 
fish genera richness density, on the slope, transitions from 24 (1976-1985) and 
25 (1963-1975, 1986-1995) to 32 genera (1996-2007), an increase of over 35% 
(Fig. B.14 in App. B-1). Recall that a similar pattern emerges for expected genera 
richness density. Fish genera richness density in NMFS surveys, for the shelf 
and the coastal-bight, barely shifts from the low 30s for all eras (Figs. B.12-B.13 
in App. B-1). However, NMFS surveys from the coastal-bight in 1976-1985 are 
expected to have 17% more fish genera than in 1963-1975 (Fig. B.12 in App. B-
Fish Feeding Guilds 
Fish Species by Class and Families. Taxonomies (Apps. B-2 to B-5) of 
fish species reveals a clear advantage of NMFS over Fishhawk surveys by the 
number offish species represented in classes Actinopterygii (135 and 48), 
Elasmobranchii (12 and 7), and Myxini (1 and 1) (Fig. 2.4, Table B.2 in App. B-1). 
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Comparing surveys, Fishhawk collects fish species from 36 families while NMFS 
monitors 81 families with a combined total of 86 families (Table B.2 in App. B-1). 
The five fish families (and species) identified solely by the Fishhawk 
survey include Achiridae (Trinectes maculates), Batrachoididae (Opsanus tau), 
Etmopteridae (Centroscyllium fabricii), Liparidae (Careproctus ranula), and 
Psychrolutidae (Cottunculus microps). Two species, Trinectes maculates 
(hogchoker) and Opsanus tau (oyster toadfish), live in the inshore while the other 
three spend their lives in the offshore. Trinectes maculates is a demersal species 
that inhabits coastal waters and spends part of its life upstream in freshwater 
(FishBase 2009). Opsanus tau is found in the inshore on rocky bottoms 
(FishBase 2009). Centroscyllium fabricii, the black dogfish, lives on the slope and 
outermost continental shelf and usually found at depths below 275 m (FishBase 
2009). Careproctus ranula, the Scotian snailfish, is a demersal species found at 
depths ranging from 20 to 668 m (FishBase 2009). Cottunculus microps, the 
polar sculpin, is a demersal species that lives in deep-water usually between 165 
and 215 m (but up to 1342 m) restricted to the North Atlantic generally between 
the latitudes 79°N - 38°N and longitudes 76°W - 36°E (FishBase 2009). These 
five fish are not present in sites from NMFS surveys selected for this study. 
However, the only species absent from the master NMFS species list was the 
polar sculpin. These findings prompt further investigation into the trophic 
composition of the fish species present in both datasets. 
Fish Feeding Guild Composition. Distribution of fish species in fish feeding 
guilds (pelagics, demersal benthivores, demersal piscivores, demersal 
92 
omnivores, and unclassified demersals) for both surveys appears to follow similar 
patterns for demersal categories but not for the pelagic category (Table 2.5, 
Apps. B-6 to B-8). Fisher exact tests of association between fish feeding guilds 
and spatial and temporal subsets of the surveys for contingency tables "|"-"P" 
result in the rejection of the null hypothesis that these variables are independent 
(Table 2.5). Contingency table "I" compares counts offish by fish feeding guild 
and Fishhawk and NMFS surveys for the study area ("J": sub-areas, "K": 
seasons, "L": eras, "0":slope by era, and "P":sub-area by era). 
However by sampling equal sample sizes from both datasets, the 
simulation study finds that the null hypothesis is only rejected for contingency 
table "I" (mean p-value=0.0366 with 775 out of 1,000 p-values less than a=0.05) 
(Table 2.6, Table B.3 in App. B-1, Figs. B.15-B.18). For the entire study area, fish 
feeding guilds and surveys are not independent. The frequency offish species in 
the fish feeding guilds from Fishhawk surveys is different from the frequency of 
fish species in the fish feeding guilds from NMFS surveys. In all other cases by 
failing to reject the null hypothesis, fish feeding guilds and spatial and temporal 
subsets of the surveys are found to be independent. 
Correlation of Richness between Surveys 
Pair-wise Genera Richness. For pair-wise Fishhawk and NMFS genera 
richness, several weak and moderate correlations are detected (Table 2.7). 
Moderate linear relationships between the two variables exist for two subsets: 
Fishhawk 1880-1899 & NMFS 1986-1995 (0.3551), and Fishhawk 1880-1899 
shelf & NMFS 1996-2007 shelf (0.3144). 
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Pair-wise Fish Genera Richness. For pair-wise Fishhawk and NMFS fish 
genera richness, several weak and moderate linear and rank-based correlations 
are identified (Table 2.8). Moderate linear correlations include both surveys 
subset by fall (0.3246) and Fishhawk 1880-1889 coastal-bight & NMFS 1963-
1975 coast-bight (0.3949). There are four moderate rank-based correlations: 
coastal-bight (0.3248), Fishhawk 1880-1899 & NMFS 1986-1995 (0.3042), 
Fishhawk 1880-1899 coastal-bight & NMFS 1976-1985 coastal-bight (0.4222), 
and Fishhawk 1889-1899 coastal-bight & NMFS 1996-2007 coastal-bight. 
However, the number of pairs in the coastal-bight by era subset is relatively small 
compared to those pairs in the shelf by era and slope by era subsets (Table 
2.11). 
Pair-wise Fish Species Richness. For pair-wise Fishhawk fish species 
richness and NMFS fish species richness, several weak, moderate, and strong 
correlations are recognized (Table 2.9). A moderate linear relationship between 
the two variables exists for the subset fall (0.3656) and a rank-based relationship 
for subsets Fishhawk 1880-1899 coastal-bight & NMFS 1975-1985 coastal-bight 
(0.4940). A strong linear relationship is detected for subsets Fishhawk 1880-1899 
coastal-bight & NMFS 1986-1995 coastal-bight (-0.6145) and a rank-based 
relationship between Fishhawk 1880-1899 coastal-bight & NMFS 1996-2007 
coastal-bight (0.5106). However, the number of pairs in the coastal-bight by era 
subset is relatively small compared to those pairs in the shelf by era and slope by 
era subsets (Table 2.9). 
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Potential Factors Affecting Richness in Fish hawk Surveys 
For Fishhawk surveys, potential factors affecting richness are explored 
using GLMs. The analysis includes three levels of richness (genera, fish genera, 
and fish species richness). 
Error Structure. Histograms of observed richness (genera, fish genera, 
and fish species) frequency distributions are right-skewed (Figs. B.19-B.21). 
Visually, the expected negative binomial appears to be the best fit to the 
observed frequencies. All Pearson's Chi-squared tests of fit for observed 
richness and expected frequency distributions result in rejecting the null 
hypothesis, except for genera richness and the negative binomial (do not reject 
the null hypothesis, p-value=0.0780, Table B.4 in App. B-1). Thus, the negative 
binomial distribution is selected as a candidate for the error structure with genera 
richness as a response variable in the GLMs. Assuming that the genera richness 
frequency distribution is a "parent" distribution to the fish genera and fish species 
richness frequency distributions, the negative binomial is also used for the error 
structure in the other GLMs. The quasi-Poisson distribution is also selected due 
to overdispersion in the richness data. Overdispersion is tested by constructing a 
maximal model with Poisson error structure, revealing residual deviance very 
much larger than residual degrees of freedom. 
Minimal Models. Predictor variables retained in the minimal model with 
genera richness as the response variable include bathymetry, regions, subsets 
(subareas), eras, and season (Table 2.10). For fish genera richness, the minimal 
model includes subsets (subareas), eras, and season, while the minimal model 
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with fish species richness as the response variable incorporates bathymetry, 
eras, and season. By comparing the different GLMs to estimate genera, fish 
genera, and fish species richness, quasi-Poisson errors perform best (Table 
2.11). The minimal model with genera richness as the response variable and 
quasi-Poisson error structure explains 21.45% of the deviance. Fish genera 
richness and fish species richness as response variables with quasi-Poisson 
error structures explain 17.10% and 15.59% of the deviance, respectively. 
Factors Affecting Richness. Predictor variables used to estimate richness 
in minimal models with negative binomial and quasi-Poisson errors are 
summarized (Tables B.5-B.6 in App. B-1). Overall, significance of factors is 
improved by switching from negative binomial to quasi-Poisson errors. For 
genera richness (response) with negative binomial errors, the intercept, era B 
(1893,1898, & 1899), the shelf, and slope are the most important factors. But 
with quasi-Poisson errors, additional factors include middle and deep bathymetry 
and the southern coastal shelf region. For fish genera richness (response) with 
negative binomial or quasi-Poisson errors, the intercept and slope are the most 
important factors. For fish species richness (response) with negative binomial or 
quasi-Poisson errors, the intercept, era B, and mid bathymetry are the most 
important factors. Thus, the null hypothesis, no factors affect richness in 
Fishhawk surveys, is rejected. 
Removal of Outliers and Leverage Points. For the three minimal models 
with quasi-Poisson errors, outliers and leverage points are removed one by one 
and in combination (Table B.7 and Figs. B.22-B.24 in App. B-1). By omitting 2 
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rows from the genera richness model, the explained deviance negligibly 
improves from 21.45% to 22.68%. After omitting 5 rows from the fish genera 
richness model, the explained deviance rises from 17.10% to 23.60%. Lastly 
upon removing 5 rows from the fish species richness model, the explained 
deviance climbs from 15.59% to 21.18%. Upon inspection of these rows and 
finding no obvious reasons to remove them, it is decided to retain them in the 
models. 
Inspection of Final Models. Plots of predicted values revealed that all the 
predicted values are positive (top left of Figs. B.22-B.24 in App. B-1). The 
standard deviance residuals from the model for genera richness are fairly normal, 
where as the standard deviance residuals from the models for fish genera and 
fish species richness are not as normal, especially in the extremes (top right of 
Figs. B.22-B.24 in App. B-1). The residuals versus fitted values for the model for 
genera richness are somewhat clustered, but much more spread apart, for 
models for fish genera and fish species richness (top left of Figs. B.22-B.24 in 
App. B-1). 
Discussion 
Potential Sources of Error 
From a broad perspective, there are several possible sources of error. 
Using presence data as a proxy for marine community composition does not 
imply the absence of a particular genus or species. Instead, the presence of a 
particular genus or species is considered a product of its population range and 
the ability of a particular gear to capture it. Trawl gear catchability for a particular 
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species varies due to mesh size, geometry at depth, use of trawl doors, and 
towing speed. These trawl characteristics are held constant in NMFS surveys but 
not in Fishhawk surveys. Since both surveys do not employ the same 
techniques, catchability should be different. While, presence data allows for an 
estimate of the marine community composition but should not be interpreted as 
definitive. 
Another potential source of error is in the translation of scientific names in 
Fishhawk surveys to current synonyms. In particular, the process involves the 
use of multiple taxonomic databases, and sometimes these sources are in 
conflict. This is not a problem for fish species, but is apparent for benthic 
invertebrates. Care is taken to ensure that the genera or species in both 
Fishhawk and NMFS surveys have the same taxonomy. In addition, common 
names provided in Fishhawk surveys are only cross-referenced with common 
names and scientific names in Fishhawk surveys. The assumption is that 
common name conventions carried through entire Fishhawk surveys. 
A major statistical assumption is that survey locations be representative of 
the study area either as a simple random sample or a stratified random sample. 
For NMFS surveys, this is not violated due to careful sampling design. However 
for Fishhawk surveys, selected sites are from a targeted sampling design. In 
order to tackle this problem, randomization is necessary. This is accomplished 
through random re-sampling, such as bootstrapping, as appropriate. 
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Patterns of Biodiversity 
Total genera detected by Fishhawk trawl surveys in the late 19th century 
are 2 times greater than the number appearing in NMFS bottom-trawl surveys; 
however, in contrast, NMFS bottom-trawl surveys detect more fish genera (see 
Table 2.12 for summary of richness patterns). Guild composition was similar for 
both surveys with respect to demersal, but not pelagic species. 
Several themes emerge to explain historical and more recent patterns of 
biodiversity. These themes include differences in sampling technology, changes 
in trophic structure induced by fishing pressure, resilience of the marine 
community, and the use of multiple scales to detect patterns. 
Sampling Design 
One explanation is that sampling differences between Fishhawk and 
NMFS surveys impact their ability to detect comparable patterns of richness. 
Through the development of taxonomies for species identified by each survey, it 
is clear that Fishhawk surveys were designed to collect and record everything 
caught in the trawl net, whereas NMFS surveys only monitor primarily fish and 
some invertebrates. Therefore, greater expected genera richness density in 
Fishhawk surveys may just be a product of the intent of each survey. However, 
focusing only on fish genera and thus removing this difference in intent, similar 
patterns emerge for expected fish genera density between the two surveys more 
so than for expected genera richness density (Table 2.12). 
Results from the guild analysis provide further evidence supporting 
differences in survey sampling to explain richness patterns. In particular, only 
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one pelagic species, the ocean perch (Sebastes marinus), is present in Fishhawk 
surveys while 36 are identified by NMFS surveys. This may indicate a gear effect 
with the catchability of pelagic species by NMFS surveys being much greater 
than that of Fishhawk surveys. Designed to catch fish, Wyckoff (1874) describes 
the beam trawl as a "conical net with side pockets on the inside" with a row of 
lines underneath and a beam across the top to hold the trawl open. But the 
geometry of the otter-trawl (NMFS survey) versus the beam-trawl (Fishhawk 
survey) may favor capturing pelagic and demersals by having otter boards that 
herd fish into the net (DeAlteris et al. 2000). Likewise, the towing speed and 
duration of hauls for NMFS versus Fishhawk surveys may be more appropriate 
for trapping pelagics. NMFS surveys hauls last 30 minutes but Fishhawk surveys 
vary ranging from 10 minutes to 1 hour. DeAlteris et al. (2000) remarks that while 
trawling "gear must be towed at speeds in excess of 2.5 knots, in order to 
capture fast swimming finfish." Assuming that the towing speed of Fishhawk 
surveys were slower than that of NMFS surveys, Fishhawk may not have been 
travelling fast enough and towing long enough to catch pelagics swimming in the 
water column, but were able to ambush demersals clinging to the seabed. 
However, Fishhawk was capable of exceeding the 2.5 knot mark, during sea 
trials, as it averaged 9.15 knots (U. S. Commission of Fish and Fisheries 1881). 
Another factor contributing to differences in catchability may be mesh size and 
shape. Fishhhawk surveys may have used a smaller mesh size than NMFS 
survey as evidenced by the wide variety of benthic invertebrates present. 
Additionally, a diagram of a beam trawl used by Fishhawk surveys indicates that 
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the bottom may have been the target rather than the water column as it "sweeps 
near the bottom, the trawl is apt to catch a larger proportion of recognizable 
creatures than the dredge" (Wyckoff 1874). 
The lack of a strong correlation in the pair-wise richness patterns between 
Fishhawk and NMFS surveys may also be an indication of detection differences 
between the trawling gears (Table 2.12). If the surveys sampled the same marine 
bottom community, one would expect a linear relationship between richness in 
Fishhawk surveys and richness in NMFS surveys if sampling methods were the 
same. This is not the case for pair-wise genera richness and fish genera 
richness; there is some evidence in the Coastal-Bight area between the variables 
fish species richness. Pair-wise richness patterns, however, lack the ability to 
determine if the same fish species is present, instead it compares counts offish 
species identified by the surveys. 
Trophic Shifts Induced by Fishing Pressure 
As a result of overfishing, higher trophic levels may have led to predator 
release of lower tropic level fish. The best evidence for this is the guild structure. 
Assuming the surveys were sampling the same community (Table 2.12), it is 
likely that the larger number of pelagics results from reductions in their predators 
(Christensen et al. 2003, Myers and Worm 2003). Link et al. (2007) note the 
dominance of many more small pelagic species in the Georges Bank ecosystem 
from 1996-2000 compared to previous estimates. 
Due to rapid declines in stocks from technological advances in fishing, 
large predatory finfish have become functionally absent in many parts of the Gulf 
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of Maine (Steneck 1997). As a result losing top-level species, changes have 
occurred in the fish community. Recent catch is dominated by small-bodied and 
commercially less important fish (Fogarty and Murawski 1998, Pinnegar et al. 
2000). In addition, these food web changes impact benthic species as lobsters, 
crabs, and sea urchins are more abundant than in the past (Steneck 1997, 
Steneck et al. 2004). Further evidence of trophic cascade comes from Cashes 
Ledge (a shallow 30-35 m submarine island 130 km offshore) in the Gulf of 
Maine (Pinnegar et al. 2000). Pinnegar et al. (2000) indicates two cases of 
trophic cascades within the Gulf of Maine: humans - cod/wolffish - mobile 
epibenthos, and predatory fish - urchin - kelp (Pinnegar et al. 2000). Witman and 
Stebens (1992) find that Cashes Ledge is not as heavily impacted by fishing and 
thus has many predatory large fish (for instance Atlantic cod, Gadus morhua, 
pollock, Pollachius pollachius, and wolfish, Anarhichas lupus). On places with 
more fishing pressure, crabs and other mobile benthics have less predation 
pressure (Witman and Stebens 1992). At inshore grounds at similar depths to 
Cashes Ledge, sea urchins and lobsters are more abundant, while kelp is more 
dominate on Cashes Ledge where large predatory fish are present (Steneck 
1997, Steneck et al. 1995). In areas where sea urchins have been intensely 
harvested, kelp beds have returned (Steneck et al. 1995, Steneck et al. 2004). 
Fogarty and Murawski (1998) look at trophic changes on Georges Bank since the 
impact of foreign water fleets of the early 1960s. They indicate that the first 
perturbation in the system occurred during the operation of these fleets (Fogarty 
and Murawski 1998). At this time, the estimated total fish biomass declined by 
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more than 50% (Fogarty and Murawski 1998). After the establishment of the 200 
nm Exclusive Economic Zone (EEZ) in 1977, the modernization of the domestic 
fishing fleets increased capacity (Fogarty and Murawski 1998). Subsequently, a 
second perturbation to the system resulted in further declines of groundfish to 
historically low levels (Fogarty and Murawski 1998). The abundance of species of 
low commercial value (such as small elasmobranches) increased, and they 
replaced species of high commercial value (such as gadoid and flounder 
species) (Fogarty and Murawski 1998). Based on the feeding guild structure, 
Fogarty and Murawski (1998) suggest the switch in species dominance is linked 
to predator release. 
Community Resilience 
Another possible explanation for species richness patterns is resilience in 
the marine community. The great diversity of benthic invertebrates and demersal 
fish in Fishhawk surveys may be indicative of a complex habitat structure. In fact, 
scientists marveled at the great diversity of slope species in an area previously 
believed to be barren until the discovery of the great northern tilefish. Richard 
Rathbun provides detailed documentation on the surveys and explorations of 
1880 (U.S. Commission of Fish and Fisheries 1884). Inshore, similar species 
collected in earlier Fish Commission surveys were identified; however, offshore 
on the "inner edge of the Gulf Stream slope", the fall (September 4 and 13 and 
October 2) surveys resulted in the "discovery of a new and exceedingly rich 
marine fauna" (U.S. Commission of Fish and Fisheries 1884). Rathbun describes 
the slope species as the "most interesting and prolific" in both abundance and 
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individual species of his trips to date (U.S. Commission of Fish and Fisheries 
1884). According to Rathbun on these three days, hundreds of species offish 
and invertebrates were sampled by trawl and dredge with most of the species 
previously unknown to science (U.S. Commission of Fish and Fisheries 1884). 
Rathbun speculates that the area was a feeding ground for fish since the "bottom 
appeared to be nearly continuously covered with life" (U.S. Commission of Fish 
and Fisheries 1884). For example, 175 species of mollusks were collected with 
115 of those unknown at the time; 50 species of fish were collected with a beam 
trawl beyond 100 fathoms (182.88 m) including 5 new genera and 18 new 
species; most of these species were regarded as Arctic in nature (U.S. 
Commission of Fish and Fisheries 1884). 
Results from the pair-wise richness analysis show no clear patterns of 
linear or non-linear relationships in richness between Fishhawk and NMFS 
surveys (Tables 2.7-2.9). A one-to-one linear relationship between the two 
variables may indicate a static system without any significant change and a lack 
of stocasticity. The lack of this relationship may be an indicator of the complexity 
of the system with many underlying direct and indirect effects impacting marine 
communities. The guild simulation study suggests that the two surveys sampled 
similar fish communities (Table 2.6). Although region-wide a difference is 
detected, there is no difference between the proportion of fish in fish feeding 
guilds in Fishhawk and NMFS surveys based on smaller subsets. 
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Scale and Variability 
Multiple scales (taxonomic, spatial, and temporal) are used to detect 
patterns. Richness patterns may be a result of scaling the datasets (Table 2.12); 
therefore, sample sizes may have been too small to extrapolate to sub-area and 
regional scales. This is particularly problematic in the pair-wise correlation study 
in which a strong correlation is found between fish species richness in Fishhawk 
and NMFS surveys for the Coastal-Bight, where the number of matched pairs is 
quite small compared to other subsets of the data. Presumably, it could be very 
few Fishhawk surveys paired with NMFS surveys multiple times. 
Climate forcing in the Gulf of Maine may alter species richness patterns 
through temperature, salinity, and circulation changes, but year-to-year 
environmental variability is not accounted for in this analysis. Mechanisms 
include inter-annual variability, decadal scale oscillations, and regime shifts. With 
increasing temperatures in the North Atlantic, shifts in temperature and salinity 
patterns over the Gulf of Maine may impact species richness and abundance 
(Ottersen et al. 2001). Changes in temperature and salinity gradients may alter 
the depth and latitudinal ranges offish species (Perry et al. 2005). In addition, 
anthropogenic changes (e.g. construction of the Cape Cod Canal in the 1930s) 
possibly altered marine species exchange rates from the Gulf of Maine to the 
Mid-Atlantic Bight. Marine species in the Gulf of Maine may shift their 
distributional patterns over the region directly impacting local species richness 
and species composition. 
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Species most likely affected by these fluctuations are those at the extreme 
limits of their temperature range (Perry et al. 2005). For instance, has the polar 
sculpin shifted its distributional range since Fishhawk surveys detected it? With 
increasing temperature, warm-water species from the south may migrate farther 
north as cold-water species present today trend north. This latitudinal shift in 
species could constitute a change in the species composition for the Gulf of 
Maine. For example as temperatures increased since the 1960s, the spatial 
distribution of red hake (a cold-water species) in the Northeast Continental Shelf 
has shifted to the north (Ecosystem Assessment Program 2009). Past 
concentrations of red hake abundance on Continental Shelf and Mid-Atlantic 
Bight are now centered in the western Gulf of Maine (Ecosystem Assessment 
Program 2009). 
Furthermore, absent of favorable conditions, certain species may become 
locally extinct. This could directly impact fisheries productivity and result in 
increased bycatch of warm-water species. Alternatively, favorable North Atlantic 
Oscillation (NAO) conditions could result in increases in the productivity of certain 
species based on the availability of food and the timing of the spring bloom 
(Planque and Fromentin 1996, Piatt et al. 2003). For example, a favorable 
response to change in climate conditions by a species, such as Atlantic haddock 
{Melanogrammus aeglefinus) could be a strong year class (Planque and Fredou 
1999, Piatt and Frank 2003). Increases in productivity would impact haddock 
prey as well as predators. Corresponding changing in the food web could alter 
local stock abundances and species richness patterns. 
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Implications 
One or some combination of these factors (survey methods, overfishing, 
and resilience) may be the underlying cause(s) of biodiversity patterns. Evidence 
from this study supports previous findings that more small pelagic species 
dominate the current community structure of the Gulf of Maine. The lack of 
habitat complexity compared to historical times, as shown by this study, is due 
primarily to the impact of mobile fishing gear (Auster et al. 1996). Removal of 
demersal species and destruction of their habitat along with depletion of top-level 
predators has resulted in the dominance of small pelagics. Historical marine 
communities were rich with benthic life. The ability of these communities to 
persist in some form despite overfishing is evidence of their resilience. It is 
unlikely that marine communities will return to the slope community of 1880. 
Rather, this affirms the importance of MPAs and closing areas to bottom-trawling 
and dredging. Marine protected areas are equally appropriate for conserving 
biodiversity or fisheries management, and can satisfy both of these goals 
(Halpern and Warner 2003). Limiting fishing pressure by other mechanisms such 
as catch shares and reducing bycatch should be considered in tandem to 
temporal and spatial reductions in fishing pressure. Catch shares, with 
management oversight, provide an allocation of total allowable catch (TAC) to 
commercial fisheries. Rationalization eliminates the race to fish, and can halt or 
even reverse fisheries collapse (Costello et al. 2008). In light of this research, 
management scenarios, in the Gulf of Maine and Georges Bank, should consider 
how rebuilding efforts impact coastal and slope marine species with respect to a 
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historical baseline of a complex marine community of abundant benthic and fish 
species. 
With the results of this study, several questions emerge. For the GLMs 
estimating richness in Fishhawk surveys, the explained deviance is low 
(<21.45%). Improvements to the model could include the addition of other 
measured predictor variables such as substrate type and other environmental 
characteristics. Alternatives to GLMs such as non-linear methods and fitting low 
order polynomials may result in improved performance. Additionally, a future 
study could identify Arctic species, like the polar sculpin, in the historical data to 
determine if their distributions have shifted or track the prevalence of more warm-
water species moving into the southern Gulf of Maine. Incorporating other 
historical fisheries datasets would be valuable to detect these patterns. To 
complement this study, a similar analysis could be run using historical dredge 
surveys with the NMFS scallop monitoring surveys. Comparing patterns between 
historical trawl and dredge surveys may aid in understanding changes in the 
trophic structure of benthic communities over the long term. 
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Tables 
Survey Sampling design 
Fishhawk ^ H j M M I P ^ | 
M P P P H Stratified random 




























less than 1 
hour 
30 minutes 
Table 2.1: Survey characteristics for the Fishhawk and NMFS surveys. 
Fishhawk trawls 
Starting number of tows 
Selecting tows with lattitude and longitude 
Selecting tows using a trawl only 
NMFS bottom-trawls 
Selecting tows within 10NM buffer of Fishhawk tows 
Selecting the years 1963-2007 
Selecting tows with a genus identified 
Table 2.2: Selection of Fishhawk trawls with location data and NMFS bottom-trawls within 
10 NM of the selected Fishhawk trawls. 
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Table 2.3: Site-based rarefaction results for expected genera richness at 10 and 40 tows 
for spatial and temporal subsets of Fishhawk and NMFS surveys. Subset ranking (gray 
columns) based on expected genera richness at 10 tows with dashed lines indicating 
breaks in ranking. 
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Ranked subset Fish Genera™ Fish Genera,0 T0WS Fish Genera40T 
Spatial 
NMFS: study area 











































































































































































Table 2.4: Site-based rarefaction results for expected fish genera richness at 10 and 40 
tows for spatial and temporal subsets of Fishhawk and NMFS surveys. Subset ranking 
(gray columns) based on expected fish genera richness at 10 tows with dashed lines 
indicating breaks in ranking. 
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Table 2.5: Contingency table of counts of fish species in fish feeding guilds for spatial and 
temporal subsets of Fish hawk (dark gray) and NMFS (light gray) surveys. Shaded blocks 
("A" to "P") in right-most three columns indicate contingency table rows used in 2-tailed 
Fisher exact tests of association. P-values were simulated from 100,000 replicates due to 
the large size of the contingency tables. The underlined p-values in blocks "I", "J", "K", 




Fish Species Tows 
TOTAL SAMPLE SIZE 
Fisher Exact Test (2-tailed) 
mean p-value after 1,000 runs 
Fishhawk: study area 












































































































































































Table 2.6: Results from a simulation study of association between fish feeding guilds and 
spatial and temporal subsets of Fishhawk (dark gray) and NMFS (light gray) surveys. For 
the simulation, sampling occurred without replacement with sample sizes of 10 or 50 tows 
from each survey. Shaded blocks ("A" to "P") in right-most three columns indicate 
contingency table rows used in 2-tailed Fisher exact tests. For each shaded block (A-P), 
1,000 simulated contingency tables were constructed from sampled tows and the 
subsequent 1,000 Fisher exact test were run. P-values for each Fisher exact test were 
simulated from 100,000 replicates due to the large size of the contingency tables. The 
underlined p-value in block "I" is considered significant at a=0.05. 
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NMFS: coastal-bight, 1863-1975 
























































Table 2.7: Correlation coefficients between genera richness for Fishhawk (X) surveys and 
genera richness for NMFS (Y) surveys. Pairs were constructed by matching Fishhawk 
survey locations to the nearest NMFS survey location. Pearson correlation coefficient 
tested for a linear relationship between the two variables. Spearman rank correlation and 
Kendall rank correlation tested for a non-linear relationship between the two variables. 
These tests were run for spatial and temporal subsets of both surveys. For each subset 
(row), bold values indicated the strongest correlation obtained from the three correlation 
coefficients. Underlined values represented the strongest correlation within a subset 
grouping (separated by dotted lines). From the bold and underlined values, shaded cells 
indicated the strength of those correlation coefficients. Light gray indicated a weak 
correlation (-0.3 to -0.1 or 0.1 to 0.3) and dark gray indicated a moderate correlation (-0.5 to 
-0.3001 or 0.3001 to 0.5). 
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Table 2.8: Correlation coefficients between fish genera richness for Fishhawk (X) surveys 
and fish genera richness for NMFS (Y) surveys. Pairs were constructed by matching 
Fishhawk survey locations to the nearest NMFS survey location. Pearson correlation 
coefficient tested for a linear relationship between the two variables. Spearman rank 
correlation and Kendall rank correlation tested for a non-linear relationship between the 
two variables. These tests were run for spatial and temporal subsets of both surveys. For 
each subset (row), bold values indicated the strongest correlation obtained from the three 
correlation coefficients. Underlined values represented the strongest correlation within a 
subset grouping (separated by dotted lines). From the bold and underlined values, shaded 
cells indicated the strength of those correlation coefficients. Light gray indicated a weak 
correlation (-0.3 to -0.1 or 0.1 to 0.3) and dark gray indicated a moderate correlation (-0.5 to 
-0.3001 or 0.3001 to 0.5). 
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Pearson correlation coefficent Spearman rank correlation Kendall rank correlation 
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Northern Mid-Atlantic Bight 










































































































































Table 2.9: Correlation coefficients between fish species richness for Fishhawk (X) surveys 
and fish species richness for NMFS (Y) surveys. Pairs were constructed by matching 
Fishhawk survey locations to the nearest NMFS survey location. Pearson correlation 
coefficient tested for a linear relationship between the two variables. Spearman rank 
correlation and Kendall rank correlation tested for a non-linear relationship between the 
two variables. These tests were run for spatial and temporal subsets of both surveys. For 
each subset (row), bold values indicated the strongest correlation obtained from the three 
correlation coefficients. Underlined values represented the strongest correlation within a 
subset grouping (separated by dotted lines). From the bold and underlined values, shaded 
cells indicated the strength of those correlation coefficients. Light gray indicated a weak 
correlation (-0.3 to -0.1 or 0.1 to 0.3), dark gray indicated a moderate correlation (-0.5 to -











Eras (A:1880-1882,&1889; B:1893,1898,&1899) 
Season (Fall, Summer) 
Month (6,7,8,9,10,11) 












Table 2.10: Predictor variables maintained in the minimal models after step AIC and 
deletion tests. 
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Table 2.11: Comparison of different GLMs to estimate genera, fish genera, and fish species 
richness. Explained deviance was defined as the null deviance minus the residual 
deviance then divided by the null deviance. Bolded values indicated the GLMs with the 
greatest explained deviance out of the GLM pairings. 
Summary of general r ichness patterns 
Genera richness Fish genera richness Fish species richness 





FH »> NMFS 
FH > NMFS 
FH > NMFS 
FH > NMFS 
FH « NMFS 
FH < NMFS 
FH < NMFS 
FH < NMFS 





FH * NMFS 
FH * NMFS 
FH * NMFS 
FH * NMFS 





FH * NMFS 
FH = NMFS 
FH = NMFS 
FH = NMFS 






weak linear & non-linear 
weak-moderate linear & weak non-linear 
weak-moderate linear & weak non-linear 
weak non-linear 
weak-moderate linear & non-linear 
weak-moderate linear & non-linear 
weak-moderate linear & non-linear 
weak non-linear 
weak linear & non-linear 
weak-moderate linear & non-linear 
weak-strong linear & non-linear < 
Which richness mode) performed the best and which factors best estimated richness in the Fishhawk survey? 












Table 2.12: Summary of resulting general richness patterns between Fishhawk {FH) and 
NMFS surveys. Double inequalities ( » o r « ) indicate a two-fold difference. Black 
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Figure 2.1: Study area with locations for the Fishhawk (black triangles) and NMFS surveys 
(gray circles) separated into three spatial sub-areas (coastal-bight, shelf and slope) and 














(note break from 1900 to 1960) 
Figure 2.2: Frequency of Fishhawk (black) and NMFS (gray) survey tows by year. 


































Figure 2.4: Frequency of fish genera by fish class excluding Cephalaspidomorphi 
(lampreys) for Fishhawk (black) and NMFS (gray) surveys. 
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Figure 2.5: Site-based rarefaction results for the entire study area for Fishhawk (black) and 
NMFS (gray) surveys. Expected genera richness located in the top two panels and 
expected fish genera richness in the bottom two panels. Results scaled to Fishhawk 
survey tows in the left two panels and to NMFS surveys tows in the right two panels. 
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Figure 2.6: Frequency offish species by fish feeding guilds for Fishhawk (black) and 
NMFS (gray) surveys. 
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CHAPTER III 
RECENT SEASONAL PATTERNS OF FISH SPECIES RICHNESS 
FROM MULTIPLE FISHERIES DATASETS 
Introduction 
Background 
Within the U.S. Northeast Continental Shelf, monitoring programs collect 
biological and economic information for the assessment and, ultimately, the 
management of fisheries. Among these programs, monitoring the groundfish 
fishery includes both fishery-independent (bottom-trawl surveys on research 
vessels) and fishery-dependent (at-sea observers on commercial fishing vessels) 
data collection. The groundfish community comprises many commercially 
valuable fish species, such as Atlantic cod, Gadus morhua, haddock, 
Melanogrammus aeglefinus, and yellowtail flounder, Limanda ferruginea 
(Murawski et al. 1998). From datasets thus collected, fisheries scientists 
generate indices to estimate population abundance, biomass, and age structure. 
However due to important differences in research design, these datasets are 
often used separately in making assessments. 
Understanding spatial and temporal fluctuations in marine fish 
communities on a regional scale requires large scale monitoring studies. 
Although the best choice for studying marine fish communities is research vessel 
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surveys (Daan 2001), time and money largely limit research sea sampling 
capability. Supplementing research vessel surveys by monitoring commercial 
fisheries catch with at-sea observers greatly increases year-to-year sampling of 
the marine fish community. Combining these fisheries datasets increases the 
spatial and temporal coverage of biological information, but presents an 
analytical challenge. 
Several problems are inherent when more than one dataset is used. The 
challenge is to merge disparate data sources in a way to maintain statistical 
relevance. This is "the change of support problem" (COSP) (Gotway and Young 
2002). The "support" is the size or volume of each data value and the size, 
shape, and spatial orientation of the region of collection. To "change the support" 
is to create a new variable from the "support" through averaging and aggregation, 
such that the new variable has different statistical and spatial properties. The 
problem is how to relate the spatial variation in multiple variables with different 
supports. 
Recent technological advances in computer science enable the 
understanding and measurement of spatial patterns, previously ignored or 
removed because of lack of computing capability (Liebhold and Gurevitch 2002). 
Observations in fisheries datasets are point referenced (specific locations) and 
each observation is a random variable (fish caught at a specific time and 
location). However, point referenced data on fish catch is not very robust, 
meaning that the variability from point to point is very large. One way to remedy 
this problem is to aggregate the data over a larger spatial unit, such as pooling 
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sampling points based on a regular grid. Another method, spatial interpolation, 
averages between sampling points, and one example from the discipline of 
geostatstics is kriging. (Krige 1951, Banerjee et al. 2004, Berke 2004, and Abdi 
and Nandipati 2009). Deciding which method to use depends on the 
characteristics of the dataset. 
Both techniques, spatial aggregation and interpolation, can detect 
"hotspots" of biodiversity (Fogarty 2006, Abdi and Nandipati 2009). Identifying 
biodiversity hotspots is a valuable management and conservation tool. 
Evaluating management actions, such as fisheries closures, in light of 
biodiversity hotspots can be used to understand closure effectiveness for 
achieving conservation goals. Spatial management of groundfish resources in 
the Gulf of Maine and Georges Bank includes five large fishery closures. 
Implemented in the 1990s by NMFS, Closed Area 1, Closed Area 2, Nantucket 
Lightship Closed Area, Western Gulf of Maine Closure, and Cashes Ledge 
protect important fish habitat (Figure 3.1). Designated as partially-protected 
MPAs, regulations restrict fishing with bottom-tending gears such as bottom-
trawling for groundfish and dredging for scallops in the fishery closures 
(Murawski, S.A. et al. 2000). In general, other types of commercial fishing are 
permitted such as hook and line fishing for tuna, mid-water trawling for squid, and 
purse seining for herring. These pelagic fisheries are subject to restrictions in the 
closed areas if groundfish bycatch rates exceed specified levels. 
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Objectives 
The main objective of this study is to use multiple fisheries datasets in 
spatial models in order to detect spatial and temporal patterns of marine 
biodiversity. In this case, biodiversity means species richness, where species 
richness is the count of unique fish species present in a particular tow (sample). 
A concurrent objective is to determine where hotspots of fish species richness 
occur with respect to the five large fishery closures. 
Study area 
Within the large marine ecosystem of the Northwest Atlantic, this study 
focuses on the Gulf of Maine and Georges Bank (Fig. 3.1). The Gulf of Maine is a 
dynamic environment characterized by a general counter-clockwise surface 
circulation , with clockwise circulation found on Georges Bank (Beardsley et. al. 
1997, Lynch et al. 1997; Townsend et al. 2006). River discharge, Scotian shelf 
surface water into the Gulf of Maine and Georges Bank, and Slope Water 
through the Northeast Channel regulate salinity through the influx of fresh and 
low salinity waters into the region (Smith et al. 2001, Ji et al. 2006). More detailed 
oceanography of the Gulf and Georges Bank can be found in the extensive 
studies of the region (Beardsley et al. 1997, Lynch et al. 1997, Ji et al. 2006, 
Townsend et al. 2006, Mountain and Kane 2010). Highly productive, this semi-
enclosed sea encapsulates many shallow ledges and banks (Townsend et al. 
2006). Habitat types are also extremely variable including rocky outcrops, 
boulder formations, and sandy bottom, depth changes rapidly moving off ledges 
and banks (Townsend et al. 2006). The spring and fall phytoplankton blooms 
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support high productivity (Thomas et al. 2003) based on the input of key nutrients 
via the Northeast Channel (Townsend et al. 2006). 
Methods 
Data Sources 
The datasets consist of 2003-2006 seasonal NMFS bottom-trawl surveys, 
Massachusetts (MA) bottom-trawl surveys, and observed commercial otter-trawl 
trips. For observed commercial otter-trawlers, only trips and associated tows with 
cod, haddock, or yellowtail flounder as primary target species are selected. All 
three datasets contain similar catch and location data, but they exhibit important 
differences (Table 3.1). NMFS bottom-trawl surveys operate within a stratified 
random sampling design offshore (generally more than 3 NM from the coastline) 
in the Gulf of Maine, Georges Bank, and Mid-Atlantic Bight during the spring and 
fall, but only in southwestern Georges Bank and the northern Mid-Atlantic Bight 
during the winter. MA bottom-trawl surveys cover inshore Massachusetts state 
waters within the three NM jurisdictional limits, using a similar sampling design. 
Conversely, commercial fishermen target fish species on known fishing grounds 
both inshore and offshore aided by sophisticated fishing technology, such as 
acoustic fish finders. 
NMFS and MA bottom-trawl surveys use research vessels fitted with 
standardized otter-trawls; towing occurs for 30 and 20 minutes, respectively. In 
contrast, observers monitor many different commercial vessels and sampling 
effort fluctuates for each tow by duration, gear, and vessel. The duration of 
commercial otter-trawler tow can vary greatly, and often exceeds 3 hours. To 
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standardize fishing effort, tows selected from the observer dataset include only 
those with recorded tow duration, towing speed, and head rope length. The head 
rope is the topmost rope spanning the width of the otter-trawl opening. 
In addition, NMFS and MA bottom-trawl surveys record the entire catch. 
Often observers sub-sample the total trip catch, which results in two types of 
hauls: 1) tows observed for discards and 2) tows unobserved for discards. Tows 
unobserved for discards occur for various reasons, for example when the 
observer is sleeping or sick. In general, the number of observed tows is five to six 
times greater than unobserved tows, approximately 5:1 for tows with cod as the 
primary target, 6:1 for haddock, and 5:1 or 6:1 for yellowtail flounder, depending 
on the year. Here, tows consist of only those observed for discards. 
Data Attributes and Selection 
The three datasets share common variables. Each tow contains location 
(latitude, longitude), species presence (standardized species codes), and effort 
data (tow duration, towing speed, and gear characteristics). Tows from the 
datasets have the same possible list offish species, taken from NMFS species 
codes, to ensure continuity between the datasets. 
Datasets consist of fish species observations from 2003-2006 aggregated 
for all years and separated by seasons (Table 3.1). The months defining seasons 
vary by dataset, except for the fall, in which all three datasets include September 
and October. During 2003-2006, the observer dataset is the only one of the three 
datasets with summer coverage. Although the observer dataset has observations 
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in every month, only two months per season are selected to remain relatively 
consistent with the sampling period for NMFS bottom-trawl surveys. 
A regular grid of 10-minute squares sub-divides the study area, but omits 
inshore waters, as it is based on the NMFS bottom-trawl survey sampling 
locations from 1963-2006. Six digit codes, corresponding to 10-minute squares, 
relate tows from the observer dataset to the grid. For each season and target 
species, the requirement is at least three tows per 10-minute square. 
Latitude and longitude are converted to a 10-minute square (1/6 degree of 
latitude by 1/6 degree of longitude) by assigning each location to a gridded point 
(the center of a 10-minute square) and converting this into a six digit code 
(referencing a 10-minute square). In the six digit code, the first four digits are the 
degrees (as integers) from a gridded latitude and longitude location; the fifth and 
sixth values are the relative minute positions in a degree square, taking a value 
1-6 west to east for longitude and 1-6 north to south for latitude. 
Primary Target Fish Species 
Using only three primary target species greatly reduces available 
observed commercial otter-trawl hauls (Table C.1 in App. C-1). These three 
species are selected for several reasons. First, the goals of the five large 
fisheries closures are to protect important fish habitat for cod, haddock, and 
yellowtail flounder. Second by selecting separate target species, cod, haddock, 
and yellowtail flounder trips serve as proxies for differences in fishing behavior. 
The assumption is that fishermen fishing for yellowtail flounder behave more like 
other yellowtail flounder fishermen than like cod or haddock fishermen. A related 
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assumption is that the distribution of fishing behavior within one fishery is 
different from the distribution of fishing behavior in another fishery. 
Procedures 
Standardizing fish species richness and commercial fishing effort is 
essential to prepare the datasets for comparison. This necessitates developing 
easily interpretable indices. 
A qualitative scale groups quantitative variables into meaningful 
subcomponents. For example, Fogarty (2006) defines species richness as the 
number of unique fish and invertebrate species per tow during spring and fall 
NMFS bottom-trawl surveys. Fogarty assigns each tow to a 10-minute square, 
calculates the mean species richness per 10-minute square, and classifies 
richness into five groups. 
Here, fish species richness is the number of unique fish species per tow 
("fish richness index") during NMFS and MA bottom-trawl surveys and observer 
commercial otter-trawl trips targeting cod, haddock, and yellowtail flounder. This 
classification divides fish species richness per tow into six classes: few (<4), very 
low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high (13.0001-16), 
and very high (>16.0001). Subsequently, this scale modifies Fogarty's (2006) by 
only counting fish species and adding an additional class (few). 
This fish richness index forms the basis of the analysis. It is the variable of 
interest for the spatial analysis offish species richness in seasonal NMFS and 
MA bottom-trawl surveys. Similar to Fogarty (2006), mean fish species richness 
per tow by 10-minute square aggregates observed otter-trawl hauls. This 
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aggregation by primary target species, season, and 10-minute square reduces 
variability in the fish richness index calculated from observed otter-trawl hauls. 
As mentioned, fishing effort varies for individual otter-trawl tows and 
requires standardization for informative comparison to research vessel surveys. 
Methods using trawl geometry to standardize effort (Shindo 1973, Ragnarsson 
and Steingrimsson 2003) are considered. Since trawl geometry changes with 
depth, measurements with gear mounted sensors generally provide more 
accurate estimates of swept area or volume (indicators of fishing effort). With the 
exception of some trips targeting squid, few tows in the otter-trawl observer 
dataset contain these measurements. 
Instead, swept area is modeled as a rectangle with adjacent sides being 
the width of the trawl mouth and the distance the trawl travels. Taking two-thirds 
of the head rope length of the otter-trawl approximates the actual width of the 
trawl opening, since this rope bows at depth (Shindo 1973). Speed multiplied by 
time gives an estimation of distance traveled. Swept area (m2), SAt, is estimated 
using the head rope length (m), LHR, towing speed (m/hr), 5, and duration (hrs), T, 
for each haul, / (after Shindo 1973). 
SAi =
 T!1 X Si x Ti 
In addition, head rope length is converted from feet to meters (3.281:1) and 
towing from knots to meters per hour (1:1852). Like the fish richness index, 
swept area is averaged by 10-minute square. Mean swept area by 10-minute 
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square only approximates fishing effort and intensity, since tows are assigned to 
a 10-minute square based on their starting location. 
Standardizing swept area is this manner resulted after several attempts 
with other unsuccessful methods. In particular, Bayesian hierarchical modeling 
and GLMs proved problematic when modeling fish species richness with multiple 
datasets. These unsuccessful methods are summarized and comments are 
provided on what types of data in which these methods would be appropriate in 
Appendix C-2. 
To address, the two specific questions listed below, spatial interpolation 
and aggregation techniques facilitate construction of patterns of fish species 
richness in the Gulf of Maine and Georges Bank. 
1. What are the spatial and seasonal patterns of fish species richness from 
NMFS and MA bottom-trawl surveys? 
2. What are the spatial and seasonal patterns of fish species richness and 
fishing effort for observed commercial otter-trawl tows separate by target 
species: cod, haddock, and yellowtail flounder? 
Table C.2 (App. C-1) lists software used in this analysis. The map projection, 
North American Datum 1983 is applied to all observations in the three datasets. 
1. Fish Species Richness Patterns from Bottom-Trawl Surveys. Ordinary 
kriging predicts fish species richness per tow from seasonal NMFS and MA 
bottom-trawl surveys (Table C.3 in App. C-1). The exponential model 
approximates the empirical semivariograms (Table C.3, Figs. C.1-C.5 in App. C-
1). Semivariograms of the datasets provide evidence of directional anisotropy 
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(Table C.3, Fig. C.1-C.5 in App. C-1). Directional anisotropy is measured in 
azimuth clockwise from North. An elliptical four sector, 45° search neighborhood 
of at least three neighbors accounts for autocorrelation (Table C.3 in App. C-1). 
Normal probability plots of the cross validation residuals for fish species richness 
per tow confirm normality, a necessary assumption of ordinary kriging. The 
resulting surfaces display the fish richness index (very high to few) with a hot to 
cool (red to blue) color scheme (Figs. 3.2-3.3, Figs. C.7-C.9 in App. C-1). 
2. Fish Species Richness and Effort Patterns from Observed Commercial 
Otter-Trawl Tows. The fish richness index is calculated for observed commercial 
otter-trawl tows separately by target species. As before, the richness index is 
categorized (very high to few) and mapped using a hot to cool (dark gray to light 
gray) color scheme. For each target species, summary statistics by 10-minute 
squares consist of the mean, standard deviation, maximum, and minimum of 
tows, swept area (transformed by Log-io), and average fish species richness 
(Table C.4 in App. C-1). 
As an index of effort, mean swept area by 10-minute square is calculated 
and mapped for each target species and season. Per 10-minute square, this 
equals the total swept area divided by the total count of tows. The effort scale is 
the six categories, representing increasing effort from light gray to dark gray. 
Logio swept area categories consist of 4.80-5.29, 5.30-5.54, 5.55-5.61, 5.62-
5.67, 5.68-5.71, and 5.72-6.13. Classification bins are selected using the quantile 
method, accounting for the mean and range of the data. This classification is 
constructed from observed commercial otter-trawl tows targeting cod in the 
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winter, since it contains the lowest average swept area by 10-minute square 
(Table C.4 in App. C-1). The same effort categories are applied to those tows 
targeting haddock and yellowtail flounder. The highest effort category is 
increased to 6.13 to accommodate mean swept area by 10-minute square in the 
haddock dataset. 
Results 
Table 3.3 summarizes overall patterns for fish species richness and 
commercial fishing effort. Table 3.4 summarizes where "hotspots" of fish species 
richness occur in relation to the fisheries closures. Fish species richness 
"hotspots" are areas identified as very high or high using the fish richness index. 
These were identified through visual inspection of kriging maps of NMFS and MA 
bottom-trawl surveys and aggregation maps of observed commercial otter-trawl 
tows targeting cod, haddock, and yellowtail flounder. 
Fish Species Richness Patterns from Bottom-Trawl Surveys 
Using the fish richness index, several hotspot areas emerge. From NMFS 
bottom-trawl surveys, these areas include the transition between inshore/offshore 
(especially along Massachusetts), northeast Gulf of Maine, northern Mid-Atlantic 
Bight, and western Georges Bank (Fig.3.2, Figs. C.7-C.8 in App. C-1). From MA 
bottom-trawl surveys, these areas include inshore Massachusetts from 
Gloucester to Boston, north of Provincetown, south of Martha's Vineyard, and 
south of New Bedford in western Buzzards Bay (Fig. 3.3, Fig. C.9 in App. C-1). 
Seasonal Patterns of Fish Species Richness for the Region. Patterns of 
variation in fish species richness appear in the seasonal prediction maps. In the 
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winter, hotspots overlap the northern Mid-Atlantic Bight and southwestern 
Georges Bank, especially along the southern edge (Fig. C.7 in App. C-1). 
Between these regions, banding of few to very high fish species richness trends 
southward. Very high richness does not appear in the spring map from NMFS 
bottom-trawl surveys (Fig. C.8 in App. C-1), but does in the map from MA 
bottom-trawl surveys (Fig. C.9 in App. C-1). This is likely due to the timing of the 
two surveys, as spring MA bottom-trawl surveys occur a month after NMFS 
bottom-trawl surveys (Table 3.1). In early spring, NMFS bottom-trawl surveys 
estimate high richness in the Gulf of Maine (off the northern coast of MA, the 
mouth of the Bay of Fundy, and in the central Gulf), as well as the southwestern 
edge of Georges Bank (Fig. C.8 in App. C-1). By May, richness increases within 
inshore MA especially off Cape Ann, Provincetown, south of Martha's Vineyard 
and Massachusetts Bay. 
Fall NMFS and MA bottom-trawl surveys occur during the same months 
(Table 3.1), but overlapping prediction maps for waters adjacent to 
Massachusetts show different patterns. One explanation is the sample size 
effect; because MA bottom-trawl surveys are 10 minutes shorter and more 
frequent than NMFS bottom-trawl surveys (Tables 3.1-3.2, Figs.3.2-3.3). From 
NMFS bottom-trawl surveys, banding of very high to few fish species richness 
diminishes moving from inshore and western Georges Bank to offshore Gulf of 
Maine and eastern Georges Bank (Fig. 3.2). Upon closer inspection with MA 
bottom-trawl surveys, this richness patterning is less clear (Fig. 3.3). Hotspot 
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areas include east and south of Cape Ann, north of Cape Cod, west of Buzzards 
Bay, and south of Martha's Vineyard. 
Seasonal Patterns of Fish Species Richness in the Fisheries Closures. 
Predictions from seasonal bottom-trawl surveys illuminate patterns offish 
species richness inside and outside of the fisheries closures. In the winter, fish 
species richness increases from very low to high north to south within Nantucket 
Lightship Closed Area and west to east in the southern half of Closed Area 1 
(Fig. C.7 in App. C-1). In the spring for the three protected areas on Georges 
Bank (Closed Area 1, Closed Area 2, and Nantucket Lightship Closed Area), 
richness is very low in central Georges Bank and low around the edges of 
Georges Bank at 100 m. For Cashes Ledge Closure, spring richness is moderate 
in the southeast corner and low in other areas. Early spring richness in the 
Western Gulf of Maine Closure is low to high, north to south (Fig. C.8 in App. C-
1) and potentially very high in the southern portion of the closure during late 
spring (Fig. C.9 in App. C-1). However, predictive capability in the Western Gulf 
of Maine Closure from MA bottom-trawl surveys is limited since no tows occur 
within or near the fishery closure. In the fall, Closed Area 1 and the Western Gulf 
of Maine Closure exhibit almost uniform high richness (Fig. 3.2). Nantucket 
Lightship Closed Area and Cashes Ledge Closure have a gradient of richness 
from high to very low from north to south (Fig. 3.2). Richness inside and outside 
of Closed Area 2 is low to very low (Fig. 3.2). 
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Fish Species Richness and Effort Patterns from Observed Commercial 
Otter-Trawl Tows 
The study area contains 739 possible 10-minute squares. By target 
species, 10-minute square coverage rates rank highest in the spring for cod, 
6.36%, and haddock, 6.90%, and the summer for yellowtail flounder, 3.52% 
(Table C.4 in App. C-1). Coverage rates in the fall are lowest for all target 
species, cod, 1.76%, haddock, 2.17%, and yellowtail flounder, 1.89%. 
Summary statistics for tows, swept area, and fish species richness by 10-
minute square, target species, and season suggest important differences in 
fishing patterns (Table 3.4 in App. C-1). Each 10-minute square includes a 
minimum of three tows. The mean and maximum number of tows differs by 
season and target species. The mean number of tows aggregated by 10-minute 
squares are 11 tows for cod in the spring with a maximum of 40 tows, 12 tows for 
haddock in the spring with a maximum of 68 tows, and 15 tows for yellowtail 
flounder in the summer with a maximum of 82 in the winter (Table 3.4 in App. C-
1). Mean swept area by season by 10-minute squares when cod is the primary 
target ranges from 186,208 m2 (fall) and 346,736 m2 (spring). This mean swept 
area varies from 331,131 m2 (spring) and 436,515 m2 (fall) with haddock as the 
target species and 229,086 m2 (winter, spring, and summer) and 251,188 m2 
(fall) with yellowtail flounder as the target species. Mean fish species richness by 
10 minute square is similar when cod or haddock are the target species (10-11 
fish species), but greater when yellowtail flounder is the target (13 fish species). 
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Using the fish richness index, several hotspot areas are identified with observed 
otter-trawl tows, and these areas vary by target species and season. 
Seasonal Patterns of Fish Species Richness from Fishing for Cod. For 
observed otter-trawl tows targeting cod, these hotspot areas consist of northwest 
and central Georges Bank (Fig. 3.4, Figs. C.10-C.12 in App. C-1), the northern 
corner of Wilkinson Basin (Fig. C.11 in App. C-1), south of mid-coast Maine (Fig. 
3.4), east of Provincetown at a depth of 100 m (Figs. C.10 and C.12 in App. C-1), 
north of Provincetown (Fig. 3.4), and east of Cape Ann (Fig. C.12 in App. C-1). 
With respect to the closed areas, hotspot areas include southeast of the Western 
Gulf of Maine Closure in winter (Fig. C.10 in App. C-1). In the spring, hotspots 
include the northeast corner of the Western Gulf of Maine Closure, northeast of 
Closed Area 1, and northwest and southwest of Closed Area 2 (Fig. C.11 in App. 
C-1. In the summer, this contracts to just the northeast corner of Closed Area 1 
and southeast of the Western Gulf of Maine Closure (Fig. 3.4). In the fall, areas 
south and west of the Western Gulf of Maine Closure have high richness (Fig. 
C.12 in App. 3-1). 
Seasonal Patterns of Fishing Effort with Cod as the Primary Target 
Species. In winter, the greatest effort (swept area) is concentrated in the 
southern Gulf of Maine (Fig. C.13 in App. C-1). By the spring, effort expands 
along the border between the Gulf of Maine and Georges Bank and into central 
Georges Bank (Fig. C.14 in App. C-1). The highest effort contracts to the 
northwestern edge of Georges Bank in the summer (Fig. 3.5). In the fall, effort 
drops substantially, concentrating in areas inshore and offshore of 
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Massachusetts (Fig. C.15 in App. C-1). In general, regardless of the season, the 
greatest effort is located near the edges of several of the fisheries closure (Fig. 
3.5, Figs. C.13-C.15 in App. C-1), and this is evident especially in the spring (Fig. 
C.14 in App. C-1). In particular, the greatest effort adjacent to the fishery closures 
occurs along the northern edge of Closed Area 1 in winter, spring, and summer 
(Figs. C.13-C.14 in App. C-1, Fig. 3.5) and along the western and southern edge 
of Closed Area 2 in the spring (Fig. C.14 in App. C-1). 
Seasonal Patterns of Fish Species Richness from Fishing for Haddock. 
Patterns of hotspots areas from observed otter-trawl tows targeting haddock vary 
by season. These include Jordan Basin (Fig. C.16 in App. C-1), Georges Bank 
(Figs. C.16-C.17 in App. C-1, Fig. 3.6), and the transition between the Gulf of 
Maine and Georges Bank at a depth of 100 m (Figs. C.17-C.18 in App. C-1 and 
Fig. 3.6). With respect to the closed areas, hotspots also vary seasonally, but 
remain restricted to the closures on Georges Bank. Hotspot areas near Closed 
Area 1 range from the south in the spring (Fig C.17 in App. C-1), to the northern 
edge in the summer (Fig. 3.6) and fall (Fig. C.18 in App. C-1). For Closed Area 2, 
these areas include southwest of the closure in the winter (Fig. C.16 in App. C-1) 
and spring (Fig. C.17 in App. C-1), northwest of closure in the spring and 
summer (Fig. C.17 in App. C-1, Fig. 3.6), and within the closure along the 
eastern corner in the summer. 
Seasonal Patterns of Fishing Effort with Haddock as the Primary Target 
Species. In winter, the greatest effort (swept area) targeting haddock is in Jordan 
Basin and on Georges Bank (Fig. C.19 in App. C-1). In the spring and summer, 
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this effort converges in central Georges Bank and the transition between the Gulf 
of Maine and Georges Bank (Fig. C.20 in App. C-1, Fig. 3.7). By fall, this effort 
reduces to areas along the transition between the Gulf of Maine and Georges 
Bank (Fig. C.21 in App. C-1). Most fishing effort surrounds the fishery closures 
on Georges Bank, especially in the spring. The highest effort occurs on the 
northern boundary of Closed Area 1 year-round, the western boundary of Closed 
Area 2 in the spring, summer, and fall, and within the eastern corner of Closed 
Area 2 in the summer. 
Seasonal Patterns of Fishing Effort with Yellowtail Flounder as the Primary 
Target Species. Seasonal hotspot patterns from observed commercial otter-trawl 
tows targeting yellowtail flounder remain somewhat similar year-round. 
Concentrations of high richness include offshore of Provincetown in the winter 
(Fig. C.22 in App. C-1), summer (Fig. 3.8) and fall (Fig. C.24 in App. C-1) and 
mainly on southern Georges Bank year-round (Figs. C.22-C.24 in App. C-1 and 
3.8), with the exception of summer in which high richness occurs between the 
Gulf of Maine and Georges Bank. 
Seasonal Patterns of Fishing Effort with Yellowtail Flounder as the Primary 
Target Species. The most effort (swept area) occurs year-round offshore from 
Provincetown and on eastern Georges Bank (Figs. C.25-C.27 in App. C-1, Fig. 
3.9). Effort surrounds Closed Area 2 year-round and moves inside the southern 
portion of the closure in summer (Fig. 3.9). Effort is also high south of the 
Western Gulf of Maine Closure in the winter (Fig. C.25 in App. C-1) and summer 
(Fig. 3.9). In the spring, effort concentrates on southern Georges Bank, south of 
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Closed Area 1, east of Nantucket Lightship Closed Area, and west of Closed 
Area 2 (Fig. C.26 in App. C-1). 
Discussion 
Potential Sources of Error 
There are several potential sources of error in the estimation offish 
species richness. The distance between lines of longitude decreases moving 
from the equator toward the poles. The map projection, North American Datum 
1983, results in roughly equal area by 10-minute squares. There are subtle 
differences as area decreases moving from southern-most to northern-most 10-
minute squares. Point referenced data are highly variable, which is reflected in 
the choice of interpolation methods, here, kriging offish species richness per tow 
for NMFS and MA bottom-trawl surveys. By aggregating data, there is a loss of 
variability from point referenced data averaged over a coarser spatial (between 
points and 10-minute squares) and seasonal temporal unit (2003-2006 and 
seasons). However, aggregating by season captures some of that variability. 
The datasets are merged on the same fish richness index, using NMFS 
bottom-trawl surveys as the baseline for this index. Identification of species may 
be problematic in the observer data, but remedied by the fact that the NMFS 
species list is the master list for fish species. Furthermore, since commercial 
fisheries target specific species and try to limit bycatch, this may confound fish 
species richness estimates by underestimating fish species presence. To limit 
misidentification and misreporting, only those observer otter-trawls observed for 
discards are used. Since point referenced data from the observer dataset cannot 
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be used due to confidentiality agreements, at least three tow per 10-minute 
square per dataset were used. In addition, finding the mean with a minimum of 3 
tows seems reasonable. Patterns of fish species richness and effort from 
observer commercial fishing effort may be confounded by the likely impact of 
seasonal rolling fisheries closures (for example for cod spawning) excluding 
fishing during certain time of the year. 
Processes Underlying Fish Species Richness Patterns 
Patterns offish species richness are not static in the Gulf of Maine: In 
general, very high and high fish species richness follows depth gradients, 
especially in the fall along the 100 m contour. Inshore areas, especially Ipswich 
Bay and Massachusetts Bay, the transition between the Gulf of Maine and 
Georges Bank, and eastern Georges Bank exhibit high fish species richness. For 
the fisheries closures, boundaries nearer to the inshore or to the edge of 
Georges Bank show the greatest fish species richness. When data is available 
from commercial otter-trawl tows adjacent to or within closures, high richness 
areas occurs, regardless of season. Processes influencing species richness over 
the region and near the fishery closures consist of changes in habitat, prey 
availability, and fishing pressure. 
Habitat Changes from Seasonal Oceanography Fluctuations. Marine 
species live in dynamic environments. Physical environmental factors such as 
temperature, salinity, currents and hydrographic conditions, through seasonal 
stratification, shape habitat for fish species. The findings of this study are 
consistent with the work of previous studies. In the Gulf of Maine and Georges 
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Bank, mean species richness per tow by 10-minute square, for NMFS bottom-
trawl surveys from fall and spring 1994-2005, appears to be associated with 
depth gradients and physical features (Fogarty 2006). By spatially and temporally 
aggregating NMFS bottom-trawl surveys (1994-2005), mean species richness 
per tow per 10-minute square revealed that the greatest mean species richness 
occurs in coastal areas, with mid-level species richness associated with Georges 
Bank (Fogarty 2006). 
Seasonal shifts in temperature and salinity patterns over the Gulf of Maine 
affect behavior of marine fish species. Changes in temperature and salinity 
gradients alter the depth and latitudinal ranges offish species (Perry et al. 2005, 
Ecosystem Assessment Program 2009). Marine species in the Gulf of Maine shift 
their distributional patterns affecting local species richness and species 
composition. Species most likely affected by these fluctuations are species at the 
extreme limits of their temperature range (Ecosystem Assessment Program 
2009). With increasing temperatures in the summer, warm temperate water 
species from the south may migrate further north while present colder water 
species would continue toward the north. In the winter, fish species "overwinter" 
in areas south of the Gulf of Maine in the northern Mid-Atlantic Bight and around 
southern Massachusetts. These latitudinal shifts in species distributions could 
constitute seasonal change in the species composition in the Gulf of Maine. This 
could be explored further by looking at seasonal temperature and salinity 
fluctuations in the sub-regions of the Gulf of Maine and Georges Bank (e.g. 
Jordann et al. 2010, Mountain and Kane 2010,). 
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Food Availability from Seasonal Cycles. The availability of food influences 
fisheries productivity through seasonal cycles and the timing of those cycles. 
High fish species richness in the fall lags peak phytoplankton productivity in the 
spring. Seasonal fish species richness may correlate with patterns in 
phytoplankton and zooplankton abundance, influencing fish survival and 
distribution. 
Phytoplankton biomass fluctuates seasonally during bloom and inter-
bloom periods (Thomas et al. 2003, Ecosystem Assessment Program 2009). 
Winter biomass peaks in January, then declines through early March (Ecosystem 
Assessment Program 2009). The highest phytoplankton abundance is in the 
spring during the bloom period, starting in April lasting 4-6 weeks (Ecosystem 
Assessment Program 2009). The fall bloom is highly variable year-to-year 
(Ecosystem Assessment Program 2009). 
The timing of the spring bloom is another mechanism affecting 
productivity in the North Atlantic. Hjort (1914) hypothesized that food availability 
during the "critical period" of larval development limits the abundance offish 
populations in successive year-classes. The Hjort-Cushing hypothesis contends 
that the timing of the spring bloom of phytoplankton and the timing of fish 
spawning dictate fluctuations in inter-annual food availability and thus adult fish 
populations (Hjort 1914, Cushing 1974, and Cushing 1990). In a study on the 
eastern continental shelf of Nova Scotia, Canada Piatt et al. (2003) demonstrated 
that larval fish survival depends on the timing of the local spring bloom of 
phytoplankton using remote-sensing satellite data and a long-term haddock 
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{Melanogrammus aeglefinus) recruitment dataset from 1970 to 2001. The 
investigators found that year-classes with the highest survival index (recruitment/ 
spawning stock biomass) 1981 and 1999 correlated with unusually early spring 
blooms (Piatt et al. 2003). 
Piatt et al. (2003) suggest, "the advantage of an early bloom for a fish 
species with an extended spawning period might be that fewer of the total larvae 
produced perish from lack of food". When larvae and algae overlap, fish larvae 
have enough food to survive. Otherwise, they risk starvation (Piatt et al. 2003). 
An early bloom increases the likelihood of overlap, increasing food availability for 
larvae. Piatt et al. (2003) explained that zooplankton dominate the diet of larval 
haddock with evidence of phytoplankton consumption. Piatt et al. (2003) 
identified that an early spring bloom may be a necessary but not sufficient 
condition for high survival of larval fish. 
During winter, "low light levels limit phytoplankton production while strong 
winds mix high nutrient concentrations into the near surface waters" (Drinkwater 
et al. 2003). For phytoplankton, temperature drives their turnover rates and 
timing of the spring bloom is influenced by wind-induced turbulent mixing in the 
water column (Drinkwater et al. 2003). This stratification suspends the 
phytoplankton in the photic zone (Drinkwater et al. 2003). Warmer SST and 
vaaribility in wind mixing influences earlier and pronounced stratification in the 
photic zone leading to an earlier spring bloom (Drinkwater et al. 2003). There are 
also phytoplankton blooms in the coastal region (Phytoplankton productivity, 
currents, temperature, and wind influence zooplankton abundance. Climate 
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fluctuations impact zooplankton because temperature changes developmental 
rates and turbulent mixing affects their ability to capture prey (Drinkwater et al. 
2003). 
During at least one life stage, most marine fish and invertebrates prey on 
zooplankton (Drinkwater et al. 2003). In the eastern North Atlantic and North 
Sea, the primary food source for juvenile fish are Calanus species and the 
availability of these species is one factor regulating fish recruitment (Cushing 
1974 and Fromentin and Planque 1996). The availability of food seasonally 
influences fisheries recruitment, productivity, and potentially recovery from low 
fish population levels, for example Georges Bank haddock (Friedland et al. 
2008). One possible explanation for fish species richness hotspots in the coastal 
region is that circulation patterns and availability of lipid rich Calanus and other 
zooplankton prey in the coastal waters of the western Gulf of Maine attract a 
diverse set offish predators (Thomas et al. 2003, Jordaan et al. 2010, Runge 
and Jones in prep). 
Planque and Fromentin (1996) demonstrated that Calanus finmarchicus 
and Calanus helgolandicus differ in their spatial and temporal distribution in the 
eastern North Atlantic and the North Sea. In the north during the spring, C. 
finmarchicus achieve their highest levels of abundance in the surface layer. C. 
helgolandicus are found in the south with the spring phytoplankton bloom and in 
the fall in the surface water of the North Sea (Planque and Fromentin 1996). 
Furthermore, they found that the long-term trends for these species are a 
downward trend for C. finmarchicus and an upward trend for C. helgolandicus. 
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Ellertsen et al. (1989) studied northeast Arctic cod in the Lofoten area of 
Norway. Spawning of C. finmarchicus varies up to six weeks between a cold and 
warm year, leading to a mismatch between first-feeding cod larvae and their prey 
in extreme warm year such as 1960 and cold such as 1981 years and a match in 
years with normal environmental temperatures during the early life stages of the 
cod (Ellertsen et al. 1989). 
Sampling and Fishing Effort. Another explanation of seasonal patterns in 
fish species richness is sampling differences. Winter NMFS bottom-trawl surveys 
use a different type of gear to target flatfishes. Predicted high fish species 
richness in the winter from these surveys may just be a consequence of the 
sampling gear. In addition, observed commercial otter-trawl tows targeting 
yellowtail flounder, a demersal flatfish, on average identify more fish species than 
tows targeting cod or haddock, regardless of season. For observed commercial 
otter-trawl tows, fishing behavior may reflect the multi-species fishery as 
fishermen may be targeting areas with a diverse mix offish. Furthermore, fishing 
along the closure boundary may influence the species composition and 
associated fish species richness. 
Rethinking the Design of Fisheries Closures 
The desired outcome of the fisheries closures is a sustainable groundfish 
fishery. By protecting bottom habitat, large fishery closures encourage 
sustainable fisheries through enhancing biological productivity. The design of 
these fisheries closures focuses on essential fish habitat (EFH), especially for 
cod, haddock, and yellowtail flounder (Murawski, S.A. et al. 2000 and Murawski, 
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S. A. et al. 2001). Yet, several consequences of their configuration affect 
biodiversity. First, fishing effort surrounds the closures, especially on Georges 
Bank. Fisheries operating near closure boundaries receive the benefit of 
"spillover" productivity Murawski, S. A. et al. 2005). However, displacing effort to 
the boundaries may cause local depletion of fish stock and biodiversity hotspots. 
This is exacerbated by the lack of connectivity between fisheries closures. 
Fishing effort by otter-trawls clear-cuts the seabed, destroying vital fish and 
invertebrate habitat. High fishing effort between the fisheries closures limits 
fisheries productive capability and potentially suppresses biodiversity. 
For these reasons, rethinking the design of fisheries closures becomes 
crucial. One solution is to build buffer around the fisheries closures, limit effort 
through zoning, similar to the Great Barrier Reef management system in 
Australia. Alternatively, creating corridors between the closures is another option. 
Corridors provide connectivity between adjacent marine protected areas. In 
addition, no large year-round marine protected areas exist in the inshore Gulf of 
Maine; clearly, this region consists of high biodiversity and requires protection. 
These areas could provide year-round protection for spawning habitat for fish 
species, beyond that of the rolling seasonal closures (Alexander et al. 2009). 
Biodiversity Considerations in Groundfish Management 
This work suggests several important management considerations if the 
existing fisheries closures are to be used to protect biodiversity. First, monitoring 
programs within the closures should increase because the number of 
observations within the closures year-to-year is low. In particular, NMFS should 
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increase sampling in the closures during the spring and fall bottom-trawl surveys, 
or begin an annual summer survey of the fisheries closures. Sampling stations 
could be at fixed locations with a minimum ten sampling locations inside and 
outside of the closures. Sampling should also occur along each boundary. 
Managers should consider ending all fishing (recreation and commercial) 
in the fisheries closures. When fishing was permitting in Closed Area 2, 
commercial otter-trawl tows targeting haddock and yellowtail flounder encounter 
hotspots of fish species richness. The New England Fishery Management 
Council (NEFMC) should consider prohibiting any pilot fishing projects until 
further NMFS surveys provide a comprehensive evaluation of the impact to 
sustainability and biodiversity. In that strategy, NEFMC should also consider the 
likely impact of areas open to fishing that have high fish species richness. 
Lastly, management of the groundfish fishery is changing for the 2010 
fishing year. Commercial fishermen receiving an allocation of the total allowable 
catch (TAC) may choose to consolidate their allocation in a fishing sector, or 
retain it for themselves and stay in the common pool. Since fish, not area, is 
allocated, fishermen may not show stewardship near the closure boundaries. 
Fishermen may decide to fish the boundaries of the closures more frequently. 
One unintended consequence could be more crowding of effort near the 
boundaries of the fisheries closures, causing even more destruction of fish 
habitat. Fisheries managers should consider how changes in the distribution of 
effort affect sustainability and biodiversity. 
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Future Directions 
This analysis provides a baseline for future assessment of biodiversity. 
Since NMFS no longer operates winter or summer bottom-trawl surveys, using 
additional datasets to understand fish patterns becomes imperative. Thus, 
commercial data may mitigate the lack of data from NMFS bottom-trawl surveys. 
Although the 10-minute square may be a useful management unit, it does not 
necessarily capture fluctuation change in the distribution of species. Additional 
data from the observer program could be added by using more target species. In 
the case of the Cashes Ledge Closure, there is no adjacent fishing effort for the 
three target species selected. Additional years should be added to compare 
patterns prior to closure establishment. Lastly, future analysis should consider an 
in-depth look at species composition within and outside the closure by 
incorporating the catch of species other than fish. 
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Tables 
























Spring [March & April], 
Fall [September and October] 
Spring [May], 
Fall [September and October] 
Winter [January and February], 
Spring [March & April], 
Summer [July and August], 
Fall [September and October] 
Offshore FFW Delaware If FR/V Albatross II 
Inshore MA RA/ Gloria Michelle 
10% trips Commercial 
otter-trawlers 
Table 3.1: Summary of main characteristics by dataset for NMFS bottom-trawl surveys, MA 
bottom-trawl surveys, and observed commercial otter-trawls. 
Dataset 
Winter 
Count of tows 
Spring Summer Fall 
NMFS bottom-trawl surveys 85 556 581 
MA bottom-trawl surveys 
Observed otter-trawl trips targeting 
cod 
Observed otter-trawl trips targeting 
haddock 


















Table 3.2: Count of samples by season from NMFS bottom-trawl surveys, MA bottom-trawl 
surveys, and observed commercial otter-trawls tows targeting cod, haddock, and 
yellowtail flounder. 
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Summary of Results 
Spring 
What are the spatial and seasonal patterns of fish species richness hotspots from NMFS and MA bottom-trawl surveys? 
NMFS MA 
Northern MAB; southwestern GB 
(especially along the southern edge); 
banding of few to very richness trending 
southward between MAB and GB 
Off the northern coast of MA; mouth of the 
Bay of Fundy; central GoM; southwestern 
edge of GB 
Ipswich Bay; MA Bay; south of Martha's 
Vineyard 
Banding of very high to few richness from 
FaB inshore and western GB to offshore GoM 
and eastern GB 
Ipswich Bay; MA Bay; north of Cape Cod; 
west of Buzzards Bay; south of Martha's 
Vineyard 
What are the spatial and seasonal patterns of fish species richness hotspots from observed commercial otter-trawl tows by target species? 
Cod Haddock YeHowtail Flounder 
Winter 
Northwest and central GB; east of 
Provincetown; southeast of the WGoM 
Closure 
Jordan Basin; GB; southwest of CA2 Offshore of Provincetown; southern GB; southern edge of CA2 
Spring 
Summer 
Northwest and central GB; northern corner 
of Wilkinson Basin; northeast corner of 
WGoM Closure; northeast of CA1; 
northwest and southwest of CA2 
Northwest and central GB; south of mid-
coast Maine; north of Provincetown; 
northeast corner of CA1; southeast of 
WGoM Closure 
GB, transition between GoM and GB; south 
of CA1; northwest and southwest of CA2 
GB; transition between GoM and GB; 
northern edge of CA1; northwest of CA2; 
within the closure along the eastern corner 
ofCA2 
Southern GB; southern edge of CA2 
Offshore of Provincetown; southern 
GB; the transition between GoM and 
GB; southwest of WGoM; southern 
portion of CA2 
Fan East of Provincetown; east of Cape Ann; 
south and west of WGoM Closure 
Transition between GoM and GB; northern 
edge of CA1 
Offshore of Provincetown; southern 
GB; southern edge of CA2 
What are the spatial and seasonal patterns of the greatest fishing effort from observed commercial otter-trawl tows by target species? 
Cod Haddock YeHowtail Flounder 
Winter Southern GoM; northern edge of CA1 Jordan Basin; GB; northern boundary of CA1 
Offshore from Provincetown; eastern 




Central GB; transition between GoM and 
GB; northern edge of CA1; southern edge 
ofCA2 
Central GB; transition between GoM and 
GB; northern boundary of CA1; western 
boundary of CA2 
Central GB; transition between GoM and 
Northwestern edge of GB; northern edge of GB; northern boundary of CA1; western 
CA1 boundary of CA2; within eastern corner of 
CA2 
Eastern GB; surrounding CA2; 
southern GB; south of CA1; east of 
NLS Closed Area; west of CA 2 
Offshore from Provincetown; eastern 
GB; surrounding CA2; inside the 
southern portion of CA2; south of 
WGoM Closure 
Fall Inshore MA; directly offshore MA Transition between GoM and GB; northern boundary of CA1; northern corner of CA2 Eastern GB; west of CA2 
Table 3.3: Summary of resulting fish species richness patterns. These were identified 
through visual inspection of kriging maps of NMFS and MA bottom-trawl surveys and 
aggregation maps of observed commercial otter-trawl tows targeting cod, haddock, and 
yellowtail flounder. MAB = Mid-Atlantic Bight, GB = Georges Bank, GoM = Gulf of 
Maine,CA1 = Closed Area 1, CA2 = Closed Area 2, NLS = Nantucket Lightship Closed Area, 
and WGoM = Western Gulf of Maine Closure. 
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OBS Yellowtail flounder 
Western
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Table 3.4: Fish species richness hotspots inside and outside the fisheries closures. These 
patterns were identified through visual inspection of kriging maps of NMFS and MA 
bottom-trawl surveys and aggregation maps of observed commercial otter-trawl tows 
targeting cod, haddock, and yellowtail flounder. "Y" indicates very high or high richness 
and "N" indicates the absence of this condition. Dashes imply that data was not available. 
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Figure 3.1: The spatial extent of the study area in the Gulf of Maine and Georges Bank 
including the five large fishing closures, Closed Area 1 (CM), Closed Area 2 (CA2), 
Nantucket Lightship Closed Area (NILS), Western Gulf of Maine Closure (WGC), and 
Cashes Ledge Closure (CLC). 
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Figure 3.2: Predicted fish species richness after kriging fall 2003-2006 NMFS bottom-trawl 
surveys. Richness categories are defined as few (<4), very low (4.0001-10), low (10.0001 
12), moderate (12.0001-13), high (13.0001-16), very high (>16.0001). Locations of NMFS 
bottom-trawl surveys (black points) indicated. 
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11-011,788 
Figure 3.3: Predicted fish species richness after kriging fall 2003-2006 MA bottom-trawl 
surveys. Richness categories are defined as few (<4), very low (4.0001-10), low (10.0001-
12), moderate (12.0001-13), high (13.0001-16), very high (>16.0001). Locations of MA 
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Figure 3.4: Mean fish species richness per tow by 10-minute squares for summer 2003-
2006 observed commercial otter-trawl tows targeting cod. Richness categories are defined 
as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high (13.0001-






ummer 2003-2006 observed 
otter-trawl trips targeting cod 
















I '"1 ' 1 1 ' >" I'" I 
0 25 50 100 Nautical Miles 
Bathymetry (m) 
^P «P <f> "9 
1.3.652.600 
Figure 3.5: Mean swept area per tow by 10-minute squares for summer 2003-2006 
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Figure 3.6: Mean fish species richness per tow by 10-minute squares for summer 2003-
2006 observed commercial otter-trawl tows targeting haddock. Richness categories are 
defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high 
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Figure 3.7: Mean swept area per tow by 10-minute squares for summer 2003-2006 
observed commercial otter-trawl tows targeting haddock. Means transformed on a Log10 
scale. 
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Figure 3.8: Mean fish species richness per tow by 10-minute squares for summer 2003-
2006 observed commercial otter-trawl tows targeting yellowtail flounder. Richness 
categories are defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate 
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Figure 3.9: Mean swept area per tow by 10-minute squares for summer 2003-2006 
observed commercial otter-trawl tows targeting yellowtail flounder. Means transformed on 
a Log10 scale. 
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CONCLUSION 
Species Diversity Over Space and Time 
Chapter 1 describes how fish species richness increased over time for the 
Gulf of Maine and Georges Bank from 1971-2005. This increase was more 
apparent in the fall than spring on both local and regional scales. At the same 
time, fish species diversity decreased, as fish communities became less even 
and dominated by just a few fish species. Chapter 1 and 2 provide evidence for 
these changes through the transition in the composition and abundance offish 
species from demersal to pelagic fish species. Chapter 1 and 2 also indicate that 
some fish species shifted their distributions from late 19thC baselines and from 
1971-2005. Likely drivers for these changes, not necessarily operating in 
isolation, were fishing (competitive release) and climate change (warming of 
waters in the region). Both fishing and climate change altered fish habitat. 
In more recent years (2003-2006), Chapter 3 describes that fish species 
richness followed depth gradients, especially in the fall along the 100 m contour. 
Inshore areas (such as Massachusetts and Ipswich Bays), the transition between 
the Gulf of Maine and Georges Bank, and eastern Georges Bank exhibited high 
fish species richness. Likely processes influencing species richness over the 
region consisted of changes in habitat, prey availability, and fishing pressure. 
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Temperate MP As 
Chapter 1 shows that temperate fisheries closures in the Gulf of Maine 
and Georges Bank provided a buffer against local fish species loss. These fish 
species consisted of Atlantic cod in the Western Gulf of Maine and Cashes 
Ledge, haddock in Closed Area 1, Closed Area 2, the Western Gulf of Maine 
Closure, and Cashes Ledge Closure, and yellowtail flounder in Closed Area 2. In 
recent years (2003-2006), Chapter 3 describes that fishery closure boundaries 
closer to the shore or to the edge of Georges Bank had the greatest fish species 
richness. High richness areas occurred regardless of season adjacent to and 
within the fisheries closures. 
Chapter 3 describes concentration of fishing effort along the borders of the 
fisheries closures. Chapter 1 indicates that this effort may have limited the 
recovery potential of groundfish species. This was due to the lack of similar fish 
species composition by abundance inside and directly outside of the fisheries 
closures. However, Chapter 2 remarks on how these fish communities appeared 
to be very resilient. Fish species identified over 100 years ago were still present 
in modern times, but as Chapter 1 describes these fish species occurred in 
different proportions over time. 
Connectivity 
Chapter 1 identifies that MPA networks buffer against the uncertainty from 
fishing pressure and climate change. A comprehensive study on the role of 
connectivity between the fisheries closures may shed light on why for some 
species recovery has been too slow. As Chapter 1 and 2 point out, this includes 
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reexamining the level of protection in the fisheries closures and designing a 
network of inshore MPAs to connect with offshore fisheries closures. Chapter 1 
describes that this network should provide linkages for migratory sub-stocks, 
spawning habitat, and larval transport. 
Ecological Significance 
Biodiversity is considered an important ecosystem service. Loss of 
biodiversity has been linked to loss of ecosystem resilience, allowing an 
ecological community to become more susceptible to invasions and vulnerable to 
disturbance. Overfishing is one mechanism in the marine environmental that can 
diminish fish community diversity. Through loss of key species, such as large 
predatory cod, species functional roles may be altered and possibly be replaced 
by other species. However a diverse community will be more resistant to 
uncertainty from human and natural stressors. For these reasons, conserving 
biodiversity should remain a high priority. 
Expansion of Current Study 
This study could be expanded into a regional biodiversity assessment for 
the Gulf of Maine and Georges Bank over the past 100 years. The approach 
would be to look comprehensively at diversity in many taxonomic groups, in 
addition to fish and invertebrates (ex. plankton community) from the surface 
waters to bottom substrate. Historical and modern research surveys could 
capture changes in biodiversity over time. Historical and modern commercial 
fisheries and environmental data could be used to understand the impact of 
fishing effort and climate on species distributions. 
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Figure A.1: Map of the study area (large polygon) including three sub-regions (Gulf of 
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Figure A.2: Map of Closed Area 1 and Nantucket Lightship Closed Area with a 0.12 
decimal degree buffer. 
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Figure A.4: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for the entire study area (gray) separated by 5 year periods (a: 1971-
1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-
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Figure A.5: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for spring for the entire study area (gray) separated by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
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Figure A.6: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for fall for the entire study area (gray) separated by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and 
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Figure A.7: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for Georges Bank (gray) separated by 5 year periods (a: 1971-1975, 
b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005). 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure A.8: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for spring for Georges Bank (gray) separated by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and 
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Figure A.9: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for fall for Georges Bank (gray) separated by 5 year periods (a: 1971 • 
1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-



























Expected richness by quinquennia 
. . . - • - ' • ' " " . ^ - - ^ 
if//// 
w 
Hss / / jkff // 
1 1 1 1 1 1 
0 200 400 600 800 1000 
tows 
„ * * " * * " 
^ - b 
I 
1200 
Figure A.10: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for the Gulf of Maine (gray) separated by 5 year periods (a: 1971-
1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-
2005). Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure A.11: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for spring for the Gulf of Maine (gray) separated by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and 
g:2001-2005). Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure A.12: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for fall for the Gulf of Maine (gray) separated by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and 
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Figure A.13: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for the Mid-Atlantic Bight (gray) separated by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and 
g:2001-2005). Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure A.14: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for spring for the Mid-Atlantic Bight (gray) separated by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
and g:2001-2005). Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure A.15: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for fall for the Mid-Atlantic Bight (gray) separated by 5 year periods 
(a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and 
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Figure A.16: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for Closed Area I (gray) separated by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005). 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure A.17: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for Closed Area II (gray) separated by 5 year periods (a: 1971-1975, 
b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). 
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Figure A.18: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for Nantucket Lightship Closed Area (gray) separated by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
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Figure A.19: Site-based rarefaction results for expected fish species richness from NMFS 
bottom-trawl surveys for Western Gulf of Maine and Cashes Ledge Closures (gray) 
separated by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 













































































































































































































































































































































































































































































































































































































































Figure A.21: Natural log of abundance for each tow by three sub-regions, (GB: Georges 
Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, 
b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). 
Lines are smoothing splines. 
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Figure A.22: Shannon Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, b: 1976-
1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines are 
smoothing splines. 
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Figure A.23: Jevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, b: 1976-
1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines are 
smoothing splines. 
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Figure A.24: Eevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, b: 1976-
1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines are 
smoothing splines. 
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Figure A.25: Simpson Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, b: 1976-
1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines are 
smoothing splines. 
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Figure A.26: Inverse Simpson Index for each tow by three sub-regions, (GB: Georges 
Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, 
b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). 
Lines are smoothing splines. 
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Figure A.27: Berger-Parker Index for each tow by three sub-regions, (GB: Georges Bank, 
GM: Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines 
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Figure A.29: Natural log offish abundance for each tow by three sub-regions, (GB: 
Georges Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) 
and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-
1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.30: Shannon Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) and by 5 year periods 
(a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.31: Jevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) and by 5 year periods 
(a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.32: Eevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) and by 5 year periods 
(a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
214 



















Figure A.33: Simpson Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) and by 5 year periods 
(a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 











Given : SEASON 
FALL 
SPRING 














Figure A.34: InverseSimpson Index for each tow by three sub-regions, (GB: Georges Bank, 
GM: Gulf of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
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Figure A.35: Berger Index for each tow by three sub-regions, (GB: Georges Bank, GM: Gulf 
of Maine, and MB: Mid-Atlantic Bight), season (Fall and Spring) and by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.36: Fish richness for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.37: Natural log of fish abundance for each tow by three sub-regions, (GB: 
Georges Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 
year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-
2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.38: Shannon Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.39: Jevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
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Figure A.40: Evenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44 N), and by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.50: Simpson index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 year periods (a: 
1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
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Figure A.51: InverseSimpson Index for each tow by three sub-regions, (GB: Georges Bank, 
GM: Gulf of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 year periods 
(a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
2001-2005). Lines are smoothing splines. 
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Figure A.52: Berger Index for each tow by three sub-regions, (GB: Georges Bank, GM: Gulf 
of Maine, and MB: Mid-Atlantic Bight), latitude (40-44° N), and by 5 year periods (a: 1971-
1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-
2005). Lines are smoothing splines. 
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Figure A.53: Fish richness for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
and g: 2001-2005). Lines are smoothing splines. 
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Figure A.54: Natural log offish abundance for each tow by three sub-regions, (GB: 
Georges Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and 
mid), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 
1991-1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.55: Shannon Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
and g: 2001-2005). Lines are smoothing splines. 
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Figure A.56: Jevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
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Figure A.57: Evenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
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Figure A.58: Simpson Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
and g: 2001-2005). Lines are smoothing splines. 
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Figure A.59: Inverse Simpson Index for each tow by three sub-regions, (GB: Georges 
Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and 
by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 
1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.60: Berger Index for each tow by three sub-regions, (GB: Georges Bank, GM: Gulf 
of Maine, and MB: Mid-Atlantic Bight), bathymetry (shallow and mid), and by 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
and g: 2001-2005). Lines are smoothing splines. 
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Figure A.61: Bottom temperature for each tow by three sub-regions, (GB: Georges Bank, 
GM: Gulf of Maine, and MB: Mid-Atlantic Bight) and by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines 
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Figure A.62: Fish richness for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, and less 
cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 
1991-1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.63: Natural log offish abundance for each tow by three sub-regions, (GB: 
Georges Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, 
colder, cold, and less cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing 
splines. 
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Figure A.64: Shannon Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, and less 
cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 
1991-1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.65: Jevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, and less 
cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 
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Figure A.66: Eevenness Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, and less 
cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 
1991-1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.67: Simpson Index for each tow by three sub-regions, (GB: Georges Bank, GM: 
Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, and less 
cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 
1991-1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.68: Inverse Simpson Index for each tow by three sub-regions, (GB: Georges 
Bank, GM: Gulf of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, 
and less cold), and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-
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Figure A.69: Berger Index for each tow by three sub-regions, (GB: Georges Bank, GM: Gulf 
of Maine, and MB: Mid-Atlantic Bight), temperature (coldest, colder, cold, and less cold), 
and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-
1995, f: 1996-2000, and g: 2001-2005). Lines are smoothing splines. 
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Figure A.70: Mean richness by closed area, Closed Area I (top left), Closed Area II (top 
right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of Maine and 
Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent within the 
protected area and light bars represent outside the protected area within a 0.12 DD buffer 
from the closed area edge. Error bars indicate standard error of mean (standard deviation 
divided by the square root of the sample size). 
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Figure A.71: Mean natural log of abundance by closed area, Closed Area I (top left), Closed 
Area II (top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of 
Maine and Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent 
within the protected area and light bars represent outside the protected area within a 0.12 
DD buffer from the closed area edge. Error bars indicate standard error of mean (standard 
deviation divided by the square root of the sample size). 
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Figure A.72: Mean Shannon index by closed area, Closed Area I (top left), Closed Area II 
(top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of Maine and 
Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent within the 
protected area and light bars represent outside the protected area within a 0.12 DD buffer 
from the closed area edge. Error bars indicate standard error of mean (standard deviation 
divided by the square root of the sample size). 
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Figure A.73: Mean Jevenness index by closed area, Closed Area I (top left), Closed Area II 
(top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of Maine and 
Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent within the 
protected area and light bars represent outside the protected area within a 0.12 DD buffer 
from the closed area edge. Error bars indicate standard error of mean (standard deviation 
divided by the square root of the sample size). 
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Figure A.74: Mean Eevenness index by closed area, Closed Area I (top left), Closed Area II 
(top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of Maine and 
Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent within the 
protected area and light bars represent outside the protected area within a 0.12 DD buffer 
from the closed area edge. Error bars indicate standard error of mean (standard deviation 
divided by the square root of the sample size). 
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Figure A.75: Mean Simpson index by closed area, Closed Area I (top left), Closed Area II 
(top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of Maine and 
Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent within the 
protected area and light bars represent outside the protected area within a 0.2 DD buffer 
from the closed area edge. Error bars indicate standard error of mean (standard deviation 
divided by the square root of the sample size). 
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Figure A.76: Mean inverse of Simpson index by closed area, Closed Area I (top left), 
Closed Area II (top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf 
of Maine and Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars 
represent within the protected area and light bars represent outside the protected area 
within a 0.2 DD buffer from the closed area edge. Error bars indicate standard error of 
mean (standard deviation divided by the square root of the sample size). 
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Figure A.77: Mean Berger-Parker index by closed area, Closed Area I (top left), Closed 
Area II (top right), Nantucket Lightship Closed Area (bottom left), and Western Gulf of 
Maine and Cashes Ledge Closures (bottom right), and 5 year periods. Dark bars represent 
within the protected area and light bars represent outside the protected area within a 0.2 
DD buffer from the closed area edge. Error bars indicate standard error of mean (standard 
deviation divided by the square root of the sample size). 
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Figure A.78: Fish richness for tows in the fishery closures and within 0.12 decimal degrees 
of a fishery closure boundary. These are separated by closure (CA: Closed Area 1, CC: 
Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, and WG: 
Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and season (Fall and 
Spring). Lines are smoothing splines. 
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Figure A.79: Natural log of fish abundance for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and 
season (Fall and Spring). Lines are smoothing splines. 
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Figure A.80: Shannon Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and season (Fall 
and Spring). Lines are smoothing splines. 
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Figure A.81: Jevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and season (Fall 
and Spring). Lines are smoothing splines. 
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Figure A.82: Eevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and season (Fall 
and Spring). Lines are smoothing splines. 
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Figure A.83: Simpson Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and season (Fall 
and Spring). Lines are smoothing splines. 
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Figure A.84: Inverse Simpson Index for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and 
season (Fall and Spring). Lines are smoothing splines. 
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Figure A.85: Berger Index for tows in the fishery closures and within 0.12 decimal degrees 
of a fishery closure boundary. These are separated by closure (CA: Closed Area 1, CC: 
Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, and WG: 
Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and season (Fall and 
Spring). Lines are smoothing splines. 
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Figure A.86: Fish richness for tows in the fishery closures and within 0.12 decimal degrees 
of a fishery closure boundary. These are separated by closure (CA: Closed Area 1, CC: 
Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, and WG: 
Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 
Lines are smoothing splines. 
2001-2005), and latitude (40-43u N). 
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Figure A.87: Natural log of fish abundance for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), 
latitude (40-43° N). Lines are smoothing splines. 
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Figure A.88: Shannon Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), latitude (40-43° N). 
Lines are smoothing splines. 
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Figure A.89: Jevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), latitude (40-43° N). 
Lines are smoothing splines. 
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Figure A.90: Eevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), latitude (40-43° N). 
Lines are smoothing splines. 
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Figure A.91: Simpson Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), latitude (40-43° N). 
Lines are smoothing splines. 
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Figure A.92: Inverse Simpson Index for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), 
latitude (40-43° N). Lines are smoothing splines. 
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Figure A.93: Berger Index for tows in the fishery closures and within 0.12 decimal degrees 
of a fishery closure boundary. These are separated by closure (CA: Closed Area 1, CC: 
Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, and WG: 
Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), latitude (40-43° N). Lines 
are smoothing splines. 
266 








e f g 







Figure A.94: Fish richness for tows in the fishery closures and within 0.12 decimal degrees 
of a fishery closure boundary. These are separated by closure (CA: Closed Area 1, CC: 
Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, and WG: 
Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), bathymetry (shallow and 
mid). Lines are smoothing splines. 
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Figure A.95: Natural log offish abundance for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), 
bathymetry (shallow and mid). Lines are smoothing splines. 
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Figure A.96: Shannon Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), bathymetry 
(shallow and mid). Lines are smoothing splines. 
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Figure A.97: Jevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), bathymetry 
(shallow and mid). Lines are smoothing splines. 
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Figure A.98: Eevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), bathymetry 
(shallow and mid). Lines are smoothing splines. 
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Figure A.99: Simpson Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), bathymetry 
(shallow and mid). Lines are smoothing splines. 
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Figure A.100: Inverse Simpson Index for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), 
bathymetry (shallow and mid). Lines are smoothing splines. 
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Figure A.101: Berger Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), bathymetry 
(shallow and mid). Lines are smoothing splines. 
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Figure A.102: Bottom temperature for each tow by closure and within 0.12 decimal degrees 
of a fishery closure boundary (CA: Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge 
Closure, NL: Nantucket Lightship Closed Area, and WG: Western Gulf of Maine Closure) 
and by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-
1995, f: 1996-2000, and g:2001-2005). Lines are smoothing splines. 
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Figure A.103: Fish richness for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and bottom 
temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.104: Natural log offish abundance for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and 
bottom temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.105: Shannon Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and bottom 
temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.106: Jevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and bottom 
temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.107: Eevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and bottom 
temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.108: Simpson Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and bottom 
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Figure A.109: Inverse Simpson Index for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and 
bottom temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.110: Berger Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and bottom 
temperature (coldest, colder, cold, and less cold). Lines are smoothing splines. 
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Figure A.111: Richness for tows in the fishery closures and within 0.12 decimal degrees of 
a fishery closure boundary. These are separated by closure (CA: Closed Area 1, CC: 
Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, and WG: 
Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-
1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and distance from 
closure boundary (where 0 is the closure boundary, and positive and negative values are 
distances from the boundary inside and outside of the closure, respectively). Lines are 
smoothing splines. 
284 
Figure A.112: Natural log of abundance for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and 
distance from closure boundary (where 0 is the closure boundary, and positive and 
negative values are distances from the boundary inside and outside of the closure, 
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Figure A.113: Shannon Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and distance from 
closure boundary (where 0 is the closure boundary, and positive and negative values are 
distances from the boundary inside and outside of the closure, respectively). Lines are 
smoothing splines. 
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Figure A.114: Jevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and distance from 
closure boundary (where 0 is the closure boundary, and positive and negative values are 
distances from the boundary inside and outside of the closure, respectively). Lines are 
smoothing splines. 
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Figure A.115: Eevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and distance from 
closure boundary (where 0 is the closure boundary, and positive and negative values are 
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Figure A.116: Simpson Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971 -1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and distance from 
closure boundary (where 0 is the closure boundary, and positive and negative values are 
distances from the boundary inside and outside of the closure, respectively). Lines are 
smoothing splines. 
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Figure A.117: Inverse Simpson Index for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and 
distance from closure boundary (where 0 is the closure boundary, and positive and 
negative values are distances from the boundary inside and outside of the closure, 
respectively). Lines are smoothing splines. 
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Figure A.118: Berger-Parker Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g:2001-2005), and distance from 
closure boundary (where 0 is the closure boundary, and positive and negative values are 
distances from the boundary inside and outside of the closure, respectively). Lines are 
smoothing splines. 
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Figure A.119: Fish richness for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and timing (pre and 
post closure). Lines are smoothing splines. 
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Figure A.121: Shannon Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and timing (pre and 
post closure). Lines are smoothing splines. 
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Figure A.122: Jevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and timing (pre and 
post closure). Lines are smoothing splines. 
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Figure A.123: Eevenness Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and timing (pre and 
post closure). Lines are smoothing splines. 
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Figure A.124: Simpson Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and timing (pre and 
post closure). Lines are smoothing splines. 
297 






















i i i—i i i i 
a c e f g 
c e f g 
I I I I I I I 
M-*-t-§ 
a c e f g 
I I I I I I L 
r! 
T i — i — r n — r 













Figure A.125: Inverse Simpson Index for tows in the fishery closures and within 0.12 
decimal degrees of a fishery closure boundary. These are separated by closure (CA: 
Closed Area 1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship 
Closed Area, and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 
1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and 
timing (pre and post closure). Lines are smoothing splines. 
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Figure A.126: Berger Index for tows in the fishery closures and within 0.12 decimal 
degrees of a fishery closure boundary. These are separated by closure (CA: Closed Area 
1, CC: Closed Area 2, CL: Cashes Ledge Closure, NL: Nantucket Lightship Closed Area, 
and WG: Western Gulf of Maine Closure), by 5 year periods (a: 1971-1975, b: 1976-1980, c: 
1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), and timing (pre and 
post closure). Lines are smoothing splines. 
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Figure A.127: Accumulation pattern for the average Renyi diversity profiles for inside (top 
left) and outside (top right) Closed Area 1 based on 1000 randomizations with a sample 
size of 75. Results comparing diversity for the 5 year periods (a: 1971-1975, b: 1976-1980, 
c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), inside (bottom 
left) and outside (bottom right) Closed Area 1 based on 100 randomizations. 
300 
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Figure A.128: Accumulation pattern for the average Renyi diversity profiles for inside (top 
left) and outside (top right) Closed Area 2 based on 1000 randomizations with a sample 
size of 75. Results comparing diversity for the 5 year periods (a: 1971-1975, b: 1976-1980 
c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, and g: 2001-2005), inside (bottom 
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Figure A.129: Accumulation pattern for the average Renyi diversity profiles for inside (top 
left) and outside (top right) Nantucket Lightship Closed Area based on 1000 
randomizations with a sample size of 75. Results comparing diversity for the 5 year 
periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 1996-2000, 
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Figure A.130: Accumulation pattern for the average Renyi diversity profiles for inside (top 
left) and outside (top right) combined Western Gulf of Maine and Cashes Ledge Closures 
based on 1000 randomizations with a sample size of 75. Results comparing diversity for 
the 5 year periods (a: 1971-1975, b: 1976-1980, c: 1981-1985, d: 1986-1990, e: 1991-1995, f: 
1996-2000, and g: 2001-2005), inside (bottom left) and outside (bottom right) combined 
Western Gulf of Maine and Cashes Ledge Closures based on 100 randomizations. 
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Table B.2: Frequency of fish species by fish family for Fishhawk (FH fish species) and 
























































































































































Table B.3: Summary statistics for p-values obtained in the simulation study (see Table B.8 
for description). Rows "A" to "P" are related to those in Table B.8. Light gray rows 
symbolize contingency tables that are based on either the Fishhawk or NMFS surveys and 
dark gray rows indicate contingency tables that contain both surveys. Summary statistics 
for the p-values from 2-tailed Fisher exact tests are provided. The underlined p-value for 
contingency Table B.'M" is considered significant at a=0.05. 
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Table B.4: Results from Pearson's Chi-squared test of fit for observed richness (genera 
richness, fish genera richness, and fish species richness) frequencies and expected 
frequency distributions (normal, Poisson, and negative binomial) for 140 Fishhawk survey 
tows. 
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Table B.5: Spatial and temporal variables affecting genera richness (top), fish genera 
richness (middle), and fish species richness (bottom) for the minimal models with negative 
binomial errors. Bold and underlined p-values represented variables significant at a=0.05. 
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Table B.6: Spatial and temporal variables affecting genera richness (top), fish genera 
richness (middle), and fish species richness (bottom) for the minimal models with quasi-
Poisson errors. Bold and underlined p-values represented variables significant at a=0.05. 
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Table B.7: Comparison of different GLMs (quasi-Poisson errors) omitting outliers and 
leverage points to estimate genera (top), fish genera (middle), and fish species (bottom) 
richness. Explained deviance was defined as the null deviance minus the residual 
deviance then divided by the null deviance. Bolded values indicated the GLMs with 
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7 foot beam beam trawl 
trawl 
9 9 
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cod trawl double trawl 
Figure B.1: Frequency of Fishhawk tows using a trawl device as the sampling gear. Survey 
gear names given as referenced in the scientific reports. 
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Figure B.2: Site-based rarefaction results for the coastal-bight subarea for Fishhawk 
(black) and NMFS (gray) surveys. Expected genera richness located in the top two panels 
and expected fish genera richness in the bottom two panels. Results scaled to Fishhawk 
survey tows in the left two panels and to NMFS surveys tows in the right two panels. 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.3: Site-based rarefaction results for the shelf subarea for Fishhawk (black) and 
NMFS (gray) surveys. Expected genera richness located in the top two panels and 
expected fish genera richness in the bottom two panels. Results scaled to Fishhawk 
survey tows in the left two panels and to NMFS surveys tows in the right two panels. 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.4: Site-based rarefaction results for the slope subarea for Fishhawk (black) and 
NMFS (gray) surveys. Expected genera richness located in the top two panels and 
expected fish genera richness in the bottom two panels. Results scaled to Fishhawk 
survey tows in the left two panels and to NMFS surveys tows in the right two panels. 
Confidence intervals (dashed lines) based on 2 standard deviations. 
313 







Scaled to Fishhawk tows for fishes only Scaled to NMFS tows for fishes only 






Figure B.5: Site-based rarefaction results for the season of summer for Fishhawk (black) 
and NMFS (gray) surveys. Expected genera richness located in the top two panels and 
expected fish genera richness in the bottom two panels. Results scaled to Fishhawk 
survey tows in the left two panels and to NMFS surveys tows in the right two panels. 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.6: Site-based rarefaction results for the season of fall for Fishhawk (black) and 
NMFS (gray) surveys. Expected genera richness located in the top two panels and 
expected fish genera richness in the bottom two panels. Results scaled to Fishhawk 
survey tows in the left two panels and to NMFS surveys tows in the right two panels. 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.7: Site-based rarefaction results for the seasons of winter and spring for NMFS 
survey. No Fishhawk surveys occurred during the winter or spring. Expected genera 
richness located in the top two panels and expected fish genera richness in the bottom 
two panels. Winter represented in the left two panels and spring in the right two panels. 
Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.8: Site-based rarefaction results for Fishhawk 1880-1899 (black) and NMFS 1963-
1975 (gray) surveys. Expected genera richness located in the top two panels and expected 
fish genera richness in the bottom two panels. Results scaled to Fishhawk survey tows in 
the left two panels and to NMFS surveys tows in the right two panels. Confidence intervals 
(dashed lines) based on 2 standard deviations. 
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Figure B.9: Site-based rarefaction results for Fishhawk 1880-1899 (black) and NMFS 1976-
1985 (gray) surveys. Expected genera richness located in the top two panels and expected 
fish genera richness in the bottom two panels. Results scaled to Fishhawk survey tows in 
the left two panels and to NMFS surveys tows in the right two panels. Confidence intervals 
(dashed lines) based on 2 standard deviations. 
318 
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Figure B.10: Site-based rarefaction results for Fishhawk 1880-1899 (black) and NMFS 1986-
1995 (gray) surveys. Expected genera richness located in the top two panels and expected 
fish genera richness in the bottom two panels. Results scaled to Fishhawk survey tows in 
the left two panels and to NMFS surveys tows in the right two panels. Confidence intervals 
(dashed lines) based on 2 standard deviations. 
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Figure B.11: Site-based rarefaction results for Fishhawk 1880-1899 (black) and NMFS 1996-
2007 (gray) surveys. Expected genera richness located in the top two panels and expected 
fish genera richness in the bottom two panels. Results scaled to Fishhawk survey tows in 
the left two panels and to NMFS surveys tows in the right two panels. Confidence intervals 
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Figure B.12: Site-based rarefaction results for coastal-bight subset for Fishhawk 1880-
1899 (black) and NMFS 1996-2007 (gray) surveys. Expected genera richness located in the 
top two panels and expected fish genera richness in the bottom two panels. Results 
scaled to Fishhawk survey tows in the left two panels and to NMFS surveys tows in the 
right two panels. Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.13: Site-based rarefaction results for shelf subset for Fishhawk 1880-1899 (black) 
and NMFS 1996-2007 (gray) surveys. Expected genera richness located in the top two 
panels and expected fish genera richness in the bottom two panels. Results scaled to 
Fishhawk survey tows in the left two panels and to NMFS surveys tows in the right two 
panels. Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.14: Site-based rarefaction results for slope subset for Fishhawk 1880-1899 (black) 
and NMFS 1996-2007 (gray) surveys. Expected genera richness located in the top two 
panels and expected fish genera richness in the bottom two panels. Results scaled to 
Fishhawk survey tows in the left two panels and to NMFS surveys tows in the right two 
panels. Confidence intervals (dashed lines) based on 2 standard deviations. 
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Figure B.15: Frequency of p-values from 1,000 Fisher exact tests obtained in the 
simulation study (see Table B.8 for description) for contingency tables "A", "B", "C" and 
"D". Significance level a=0.05 was indicated with the first break from the left on the 
histogram. 
324 
Figure B.16: Frequency of p-values from 1,000 Fisher exact tests obtained in the 
simulation study (see Table B.8 for description) for contingency tables "E", "F", "G" and 
"H". Significance level a=0.05 was indicated with the first break from the left on the 
histogram. 
325 
Figure B.17: Frequency of p-values from 1,000 Fisher exact tests obtained in the 
simulation study (see Table B.8 for description) for contingency tables "I" , "J", "K" and 
"L". Significance level a=0.05 was indicated with the first break from the left on the 
histogram. 
326 
Figure B.18: Frequency of p-values from 1,000 Fisher exact tests obtained in the 
simulation study (see Table B.8 for description) for contingency tables "M", "N", "O" and 
"P". Significance level a=0.05 was indicated with the first break from the left on the 
histogram. 
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Figure B.19: Genera richness frequencies for 140 observed Fishhawk survey tows (top 
left) and expected normal (top right), Poisson (bottom left) and negative binomial (bottom 
right) frequency distributions based on the observed mean of 8 and standard deviation of 
7.763. 
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Figure B.20: Fish genera richness frequencies for 140 observed Fishhawk survey tows 
(top left) and expected normal (top right), Poisson (bottom left) and negative binomial 
(bottom right) frequency distributions based on the observed mean of 3.429 and standard 
deviation of 3.185. 
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Figure B.21: Fish species richness frequencies for 140 observed Fishhawk survey tows 
(top left) and expected normal (top right), Poisson (bottom left) and negative binomial 
(bottom right) frequency distributions based on the observed mean of 3.107 and standard 
deviation of 2.991. 
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SUPPLEMENTAL MATERIAL FOR CHAPTER 3 
Tables 
Target species 











































Source NMFS Observer Database 2003-2006. 
Table C.1: Otter-trawler trips and associated tows with on-board observers, U.S. Northeast 
Continental Shelf 2003-2006. 
373 
Software Version Purpose 
Microsoft Access 2007 data management 






mapping, kriging, and creating rasters 
converting to 10-minute squares and 
calculating fish species richness 
Tinn-R 2.1.1.6 editing R code 

















neighbors: 5 and at least 3 



































































Table C.3: Ordinary kriging model specifications for seasonal NMFS and MA bottom-trawl 
surveys. 
374 







Log10 swept area Fish species richness 
Cod 
Mean . ' Max. Mean _, ' Min. Max. Mean . ' Min. Max. dev. dev. dev. 
Winter 17 ! 6 41 5.24 26 \ I 5.52 0.25 4.8 5.84 11.76 1.84 7.5 15.2 
Spring 47 H 11.09 9.25 40 ! 5.54 0.14 5.24 5.84 |i 11.53 2.31 4.26 16 
'! i i ' 
Summer 27 : ! 5.30 2.93 15 j 5.43 0.18 5.12 5.76 j ! 11.74 2.11 8.57 16.6 
• 1 ! 1 
Fall 13 |! 4.92 2.59 13 h 5.27 0.15 4.81 5.44 ! 10.81 2.26 7.5 15 
Winter 27 I! 8.63 7.38 27 ! i 5.60 0.22 5.31 6.13 i 111.52 2.16 5.7 14.2 
Haddock 
Spring 51 1:12.49 12.16 68 h 5.52 0.13 5.25 5.73 
Summer 34 • i 8.32 5.63 23 I 5.55 0.14 5.22 5.81 
10.85 1.77 5.7 13.57 
11.35 2.24 6.8 16.2 
Fall 16 [113.19 12.39 51 \ 5.64 0.11 5.5 5.9 11.52 1.57 8.78 15.09 
Winter 23 \\ 14.35 17.35 82 v 5.36 0.11 5.17 5.64 13.22 1.20 10.8 16.37 
Yellowtail 
flounder 
Spring 22 > \ 9.82 7.60 34 j 5.36 0.13 5.06 5.58 j j 12.91 2.46 7 17.25 
Summer 26 ii 14.88 16.37 79 ! i 5.36 0.16 4.88 5.61 !] 12.99 1.91 7.38 17.3 
Fatl 14 7.36 7.12 31 M 5.40 0.15 4.88 5.51 1(12.77 1.11 10.3 14.57 
Table C.4: Means, standard deviations, minimums, and maximums of tows, swept area 
(log10), and fish species richness by 10-minute squares. This summary is for observed 
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Distance, h 
Figure C.1: Empirical semivariograms and fitted exponential models accounting for 
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Figure C.2: Empirical semivariograms and fitted exponential models accounting for 
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Distance, h 
Figure C.3: Empirical semivariograms and fitted exponential models accounting for 
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Distance, h 
Figure C.4: Empirical semivariograms and fitted exponential models accounting for 
directional anisotropy. The data is fish species richness from spring 2003-2006 MA 
bottom-trawl surveys. 
377 
Figure C.5: Empirical semivariograms and fitted exponential models accounting for 


















, - * * • * 
9 ^ " ^ 
0_ 
-X <y^ 
Figure C.6: Normal probability plot of cross-validation residuals (black circles) after 
kriging fish species richness from seasonal NMFS and MA bottom-trawl surveys. Normal 










Krige of Winter 2003-2006 
NMFS bottom-trawl surveys 
Fish species richness • NMFS bottom-trawl surveys 
• I very high Bathymetry (m) 
I S high -—— 
E2 moderate 
I ~" low 
I very low 
100 Nautical Miles few 
c£> c$> cP> < P <$> <$> 
1:3.852,600 
Figure C.7: Predicted fish species richness after kriging winter 2003-2006 NMFS bottom-
trawl surveys. Richness categories are defined as few (<4), very low (4.0001-10), low 
(10.0001-12), moderate (12.0001-13), high (13.0001-16), very high (>16.0001). Locations of 







6 UL P.O.A 
%*"<• 
25 50 100 Nautical Miles 
Krige of Spring 2003-2006 
NMFS bottom-trawl surveys 
Fish species richness • NMFS bottom-trawl surveys 
IBS very high Bathymetry (m) 
m high — 
• moderate 
• low 
L J very low 
few 
,$> <? (? f * *• 
1:3,852,600 
Figure C.8: Predicted fish species richness after kriging spring 2003-2006 NMFS bottom-
trawl surveys. Richness categories are defined as few (<4), very low (4.0001-10), low 
(10.0001-12), moderate (12.0001-13), high (13.0001-16), very high (>16.0001). Locations of 
NMFS bottom-trawl surveys (black points) indicated. 
381 
1:1.011,788 
Figure C.9: Predicted fish species richness after kriging spring 2003-2006 MA bottom-
trawl surveys. Richness categories are defined as few (<4), very low (4.0001-10), low 
(10.0001-12), moderate (12.0001-13), high (13.0001-16), very high (>16.0001). Locations of 







Winter 2003-2006 observed 
otter-trawl trips targeting cod 
Mean Fish Species Richness 
• very high 
H i high 
• moderate 
E J low 
LD very low 
few 
Bathymetry (m) 
r—r—1—i | i i i | 
0 25 50 100 Nautical Miles 
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^ P
 N<f « ? <V *> N 
1:3.852.600 
Figure C.10: Mean fish species richness per tow by 10-minute squares for winter 2003-
2006 observed commercial otter-trawl tows targeting cod. Richness categories are defined 
as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high (13.0001-
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1:3,852.600 
Figure C.11: Mean fish species richness per tow by 10-minute squares for spring 2003-
2006 observed commercial otter-trawl tows targeting cod. Richness categories are defined 
as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high (13.0001-







Fall 2003-2006 observed 
otter-trawl trips targeting cod 
Fish Species Richness 
• I very high 
• high 
• moderate 
: m low 





so 100 Nautical Miles c? * t? t? n
15 
i 1 »<P ^ f * 
1:3,852.600 
Figure C.12: Mean fish species richness per tow by 10-minute squares for fall 2003-2006 
observed commercial otter-trawl tows targeting cod. Richness categories are defined as 
few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high (13.0001-16), 






Winter 2003-2006 observed 
otter-trawl trips targeting cod 
Log10 Swept Area (mA2) 
• I 5.72-6.13 
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Figure C.13: Mean swept area per tow by 10-minute squares for winter 2003-2006 
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Figure C.14: Mean swept area per tow by 10-minute squares for spring 2003-2006 
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Log 10 Swept Area (mA2) 
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Figure C.15: Mean swept area per tow by 10-minute squares for fall 2003-2006 observed 
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haddock 
Fish Species Richness 
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few 
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Figure C.16: Mean fish species richness per tow by 10-minute squares for winter 2003-
2006 observed commercial otter-trawl tows targeting haddock. Richness categories are 
defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high 
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Figure C.17: Mean fish species richness per tow by 10-minute squares for spring 2003-
2006 observed commercial otter-trawl tows targeting haddock. Richness categories are 
defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high 






Fall 2003-2006 observed 
otter-trawl trips targeting 
haddock 
Fish Species Richness 
• very high 
• high 
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1:3,852,600 
Figure C.18: Mean fish species richness per tow by 10-minute squares for fall 2003-2006 
observed commercial otter-trawl tows targeting haddock. Richness categories are defined 
as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high (13.0001-





.Winter 2003-2006 observed 
otter-trawl trips targeting 
haddock 
Log10 Swept Area (mA2) 
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Figure C.19: Mean swept area per tow by 10-minute squares for winter 2003-2006 
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Figure C.20: Mean swept area per tow by 10-minute squares for spring 2003-2006 
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Figure C.21: Mean swept area per tow by 10-minute squares for fall 2003-2006 observed 









S A W l M l C A 2 
- ailnv 
i — i — i — i — i — i — i — i 
25 SO 100 Nautical Miles 
Winter 2003-2006 observed 
otter-trawl trips targeting 
yellowtail flounder 
Fish Species Richness 




f i . " very low 
few 
Bathymetry (m) 
c?> c?> cs0 r f 5 c?> >$> 
1:3,852,600 
Figure C.22: Mean fish species richness per tow by 10-minute squares for winter 2003-
2006 observed commercial otter-trawi tows targeting yellowtail flounder. Richness 
categories are defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate 
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Figure C.23: Mean fish species richness per tow by 10-minute squares for spring 2003-
2006 observed commercial otter-trawl tows targeting yellowtail flounder. Richness 
categories are defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate 
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Figure C.24: Mean fish species richness per tow by 10-minute squares for fall 2003-2006 
observed commercial otter-trawl tows targeting yellowtail flounder. Richness categories 
are defined as few (<4), very low (4.0001-10), low (10.0001-12), moderate (12.0001-13), high 
(13.0001-16), very high (>16.0001). 
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Figure C.25: Mean swept area per tow by 10-minute squares for winter 2003-2006 
observed commercial otter-trawl tows targeting yellowtail flounder. Means transformed on 
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Figure C.26: Mean swept area per tow by 10-minute squares for spring 2003-2006 
observed commercial otter-trawl tows targeting yellowtail flounder. Means transformed on 
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Figure C.27: Mean swept area per tow by 10-minute squares for fall 2003-2006 observed 
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Figure C.28: Hierarchical levels included in integrating data sources (data, process, and 




Bayesian inference involves fitting a probability model to a set of data 
(Gelman et al. 2004). The results are probability distributions for model 
parameters and unobserved quantities (Gelman et al. 2004). Furthermore, 
Bayesian methods use probability to quantify uncertainty (Gelman et al. 2004). 
Bayesian data analysis is divided into three steps: 1) developing a full probability 
model, 2) conditioning on observed data, and 3) examining the model fit and 
implications for the posterior distribution (Gelman et al. 2004). The quantification 
of uncertainty allows model fitting with many parameters and complicated 
multilayered problems (Gelman et al. 2004). Integration of data sources can be 
done in a hierarchical framework that accounts for various types of uncertainty 
(Fig. C.28 in App. C-1). 
Using this framework, a Poisson model was selected to model fish species 
richness, since the response data (fish species richness counts) is discrete. The 
two major assumptions of a Poisson regression model are that data follow the 
Poisson distribution and that events are independent. The assumption of Poisson 
regression includes the underlying Poisson distribution in which: 
P(Y) = (e^ /JY) IY! 
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where Vis the count of events and P(Y) is the probability of V occurrences 
(Jones et al. 2002). As u increases, the Poisson approximates the normal 
distribution and this distribution allows for a wide range of apparent distributions 
within one modeling approach (Jones et al. 2002). On the lowest end, the 
Poisson regression model is bound by zero (Jones et al 2002). 
In spatial Poisson regression, the number of events are considered as 
Poisson counts for i = 1,..., n spatial areas. Therefore, the model is: 
Pr[Yi = yi]= (e^vfi/Y,! 
yi = 0, 1,2,3...n 
The Bayesian spatial Poisson regression model for fish species richness (count 
data) can be modeled as: 
Y,~PoiftJi) 
log Uj = a + ae/e + aJu + cr vh + 
Pulu*logUi + 
pvlv*logVj + 
PiBlogUjlB + p2BlBlogVi + 
Wi 
The statistical model examines whether information from observer records and 
from in-shore surveys is useful for estimating species richness based on NMFS 
trawl survey data in the Gulf of Maine. The model is a Bayesian spatial Poisson 
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regression model for fish species richness with mean and variance equal to ju,. / 
stands for spatial location from 1 to imax in which each spatial unit is a 10 minute 
square. Inputs for the model include fisheries independent and dependent 
datasets. Y-, is species richness from the NMFS bottom trawl survey dataset over 
the spatial unit. U-, is species richness from the observer datasets over the spatial 
unit. Vj is species richness from the inshore surveys (Massachusetts bottom trawl 
survey). 
In the model, IB, lu, h are indicator variables for spatial overlap 
possibilities for the datasets and take a value of either 0 or 1. /e indicates spatial 
units both the observer and inshore surveys species richness values are present 
along with the NMFS bottom trawl survey species richness, lu indicates spatial 
units in which observer species richness values are present along with NMFS 
bottom trawl survey species richness. Iv indicates spatial units in which inshore 
surveys species richness values are present along with NMFS bottom trawl 
survey species richness. 
cr is the overall mean plus region specific correction factors: crB/a auk 
avlv- P's (Pub Pvlv PIB P2B) are species richness correction factors for 
individual data sources, w, is the spatial residual process and accounts for 
anything else not specifically specified in the model but that should be taken into 
account. 
The spatial Bayesian hierarchical model was unsuccessful because of the 
challenge of modeling fish species richness from multiple research survey 
platforms and multiple observed fishing vessels. Each vessel introduced a layer 
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of uncertainty. Furthermore, fishing effort often concentrates in areas of fish 
aggregations and thus that effort is not uniformly distributed in space and time for 
the study area. A more complex model accounting for fishing fleet behavior 
would be necessary to standardize between commercial vessels. In addition, a 
major overlap between the surveys in space and time would have been 
necessary to construct the hierarchical model. This was not possible given the 
locations of the observations in each of the datasets. 
Therefore, GLMs to predict fish species richness were explored. Past 
methods focused on selecting individual target species to standardize catch per 
unit effort (CPUE). From 2001-2003 in the Gulf of Maine and Georges Bank, 
Murawski et al. (2005) identified important factors to predict CPUE (pounds of 
fish per tow). In GLMs (generalized linear models) of CPUE, year, vessel size 
class, and geographic area were significant explanatory variables (Murawski et 
al. 2005). The coefficients for vessel tonnage classes 2 and 4 were 0.875 and 
1.002, respectively, for all species and 0.855 and 1.895 for a select group of 
groundfish and invertebrate species (Murawski et al. 2005). Values for all species 
were used as the calibration coefficients (Murawski et al. 2005). 
Exploratory linear modeling and GLMs to predict fish species richness did 
not distinguish important factors in the observer dataset to determine correction 
factors. Candidate explanatory factors included locations (latitude and longitude), 
time (season and month), gear characteristics (duration of tow and gear 
measurements). Poisson and negative binomial error structures were used. 
However, both of these methods may be more appropriate for modeling 
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individual fish catch measured in weights or numbers instead of presence. For 
example for diversity studies, these types of models may be useful for indicator 
species that represent a certain function in an ecosystem or that may have 
shifted its spatial distribution due to environmental and climate fluctuations. 
Modeling several of those indicator species individually, then combining them 
might be a better approach to understanding biodiversity patterns from disparate 
datasets. 
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